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PREFACE 

The  importance  of  electrification  as  a  method  for  increas- 
ing the  capacity  of  existing  steam  railway  facilities  and  reduc- 
ing" the  cost  of  i  train  operation,  makes  it  imperative  that 
railway  officers  and  operating  men  should  have  some  knowl- 
edge concerning  the  elementary  theory,  the  design,  construc- 
tion, care,  and  operation  of  electric  locomotives,  as  well  as 
their  application  to  all  classes  of  railroad  service. 

The  electric  locomotive  is  no  longer  an  experiment.  Al- 
though in  the  beginning,  its  use  on  steam  railroads  in  certain 
localities  was  practically  compulsory,  in  order  to  overcome 
the  smoke  nuisance,  its  relation  to  the  general  transportation 
problem  soon  surpassed  this  state,  and  today,  the  electric 
locomotive  stands  as  one  of  the  most  feasible  means  avail- 
able for  meeting  the  problems  incident  to  the  continually 
increasing  traffic  density  as  found  on  many  American  rail- 
roads. Longer  and  heavier  trains  must  be  handled  at  higher 
speeds  and  the  use  of  electricity  appears  to  be  the  logical 
solution  of  the  problem. 

The  reliability  of  operation  of  the  electric  locomotive,  and 
its  flexibility  of  control,  have  been  proved  and  the  advantages 
that  may  be  expected  from  electric  operation  are  well  known. 
Electric  locomotives  are  operating  successfully  over  a  length 
of  continuous  line  440  lines  long  and  during  24  consecutive 
hours  a  single  locomotive  has  been  able  to  attain  a  mileage  of 
766  miles,  while  the  monthly  mileage  has  reached  the  high 
figure  of  more  than  12,000  miles.  The  economy  in  fuel  con- 
sumption per  unit  of  power  delivered  at  the  drawbar  will 
become  of  increasing  importance  as  avaiVable  fuel  resources 
decrease. 

In  determining  the  scope  of  this  book,  it  has  been  the  aim 
to  provide,  without  too  technical  detail,  information  of  value 
to   anyone    concerned   with   the    operation,   the   maintenance 


9347 


iv  PREFACE 

and  the  repair  of  electric  locomotives,  or  to  anyone  who  in  a 
general  way  is  interested  in  the  electrification  of  steam  rail- 
roads. The  fundamental  units  and  principles  of  electrical 
science  in  general  are  explained  and,  in  addition  to  descrip- 
tions and  illustrations  of  electric  locomotive  design  and  con- 
struction, there  are  included  examples  of  the  practical  solution 
of  problems  as  encountered  in  the  electrification  of  steam 
railway  properties. 

There  is  also  appended  a  brief  history  of  the  electrification 
of  steam  railroads  in  the  United  States.  Numerous  tables 
are  also  included  within  this  appendix,  and  supply  valuable 
data  covering  the  various  electrification  projects  which  are 
successfully  operating  in  v?rious  parts  of  the  world. 

Much  of  the  material  appeared  originally  as  a  series  of 
articles  in  the  Railway  Electrical  Engineer  and  Railway  and 
Locomotive  Engineering.  These  articles,  however,  have  been 
enlarged  upon  and  rearranged. 

Arthur  T.  Manson. 

New  York  City, 
1923 
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RAILROAD  ELECTRIFICATION 

CHAPTER  I 
ADVANTAGES  OF  ELECTRIFICATION 

During  the  past  few  years  rapid  progress  in  the  design  of 
the  steam  locomotive  has  taken  place  due  to  the  introduc- 
tion of  economizing  devices  and  superheaters.  A  similar 
advance  in  design  has  characterized  the  electric  locomotive, 
however,  and  to-day  there  are  single  electric  locomotives 
designed  with  axle  loads  of  65.000  lb.  and  with  continuous 
capacity  ratings  upwards  of  4,000  h.p. 

Before  considering  the  mechanical  and  electrical  construc- 
tion of  the  electric  locomotive,  it  is  advisable  to  obtain  a 
general  view  of  its  application  to  railroad  work;  the  advan- 
tages gained  by  its  use ;  and  its  comparison  with  the  steam 
locomotive  as  regards  speed,  tractive  effort,  horsepower  rat- 
ing, and  operation. 

Terminals.— The  first  application  of  the  electric  locomotive 
to  steam  railroad  operation  was  made  in  terminal  service, 
where  the  question  was  not  one  of  economy  but  of  civic 
necessity  arising  from  the  need  for  eliminating  the  nuisance 
and  discomfort  which  are  caused  to  passengers  and  others  by 
the  use  of  coal^burning  steam  locomotives.  While  at  first  the 
benefits,  which  were  available,  were  not  appreciated,  it  was 
not  long  before  the  many  advantages  of  electric  operation 
were  realized  and  at  the  present  time,  no  other  method  is  con- 
sidered practical  for  the  operation  of  some  terminals. 

Switching. — The  operating  economy  obtained  by  the  use 
of  electric  locomotives  is  probably  greater  in  switching 
service— Fig.    1— than   in   any   other   class   of    service.     Only 
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•one-half  the  number  of  steam  locomotives  are  required  and 
the  saving  in  coal  as  determined  by  actual  test  has  been 
•demonstrated  to  be  66  per  cent  of  the  amount  used  by  the 
steam  engines. 

Tunnels. — In  some  instances,  a  tunnel  forms  the  throat 
of  a  railroad  system.  With  steam  operation  delays  are  nec- 
essarily incurred  while  waiting  for  the  smoke  to  clear,  and  if 


Fig.  2 — Hoosac  Tunnel  Electrification — Boston  &  Maine. 


the  tunnel  is  a  long  one,  the  inability  to  see  signals  presents 
a  serious  obstacle  to  the  free  operation  of  freight  trains. 

In  addition  to  the  dangers  of  operation  and  the  delays  in- 
curred, there  are  other  features  very  disagreeable  as  regards 
their  eflfect  upon  passenger  trafific.  These  difficulties  have 
long  been  recognized  by  the  officials  of  steam  railroads 
and  the  advantages  of  electric  operation  in  service  of 
this  class  have  been  realized  in  several  instances.  The  Hoosac 
Tunnel  of  the  Boston  &  Maine — Fig.  2 — built  in  1875,  is  an 
•exainple.     Until  its  electrification  in  1911,  this  point  always 
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had  been  an  obstruction  to  the  traffic  of  this  road.  The  delays, 
caused  by  the  smoke  and  gases  made  this  tunnel  the  limited 
section  of  the  division.  Under  steam  operation  the  entire 
tunnel  was  a  block  five  miles  long,  as  no  train  was  permitted 
to  enter  while  a  passenger  train  was  passing  through.  By 
the  change  to  electric  service,  maintenance  costs  were  greatly 
reduced  and  the  old  troubles  due  to  shattering  of  the  rock 
and  brickwork  by  the  force  of  the  engine  exhaust,  to  cor- 
rosion of  telephone  and  signal  lines  by  acid  gases,  and  to  bad 
failures  caused  by  condensing  steam,  have  disappeared.  In 
making  repairs,  track  gangs  can  now  work  with  safety  and 
for  a  full  day,  while  formerly  only  two  hours  of  effective 
work  in  a  day's  shift  was  possible. 

Among  the  first  to  realize  the  advantages  of  electrification 
for  tunnel  operation  were  the  officials  of  the  Grand  Trunk 
Railway  System.  In  1908  they  inaugurated  electric  service 
in  the  tunnel  which  connects  the  town  of  Port  Huron,  Mich- 
igan, with  Sarnia,  Ontario,  and  passes  under  the  St.  Clair 
River.  The  grades  in  the  tunnel  approaches,  and  the  inclined 
portions  of  the  tunnel  are  all  2  per  cent,  necessitating  high 
tractive  effort  to  operate  the  freight  trains.  Prior  to  elec- 
trification, these  conditions  required  special  locomotives, 
burning  anthracite  coal  in  order  to  reduce  the  smoke  to  a 
minimum.  The  maximum  tractive  effort  of  these  steam 
locomotives  limited  the  weights  of  trains  to  about  760  tons 
each  and  the  speed  up  the  grades  was  very  slow.  Since  the 
tunnel  had  only  a  single  tube  and  the  zone  system  of  train 
despatching  was  used,  any  increase  in  traffic  prevented  effi- 
cient operation.  Electrification,  however,  not  only  eliminated 
the  smoke  and  gases,  but  also  increased  the  capacity  of  the 
tunnel  about  100  per  cent. 

Freight  Haulage. — A  new  opportunity  has  recently  devel- 
oped for  the  use  of  electric  locomotives,  namely,  hauling 
of  freight  over  the  heavy  grades  of  mountain  divisions.  The 
railroads  derive  practically  70  per  cent  of  their  total  revenue 
from  the  transportation  of  freight  so  that  economy  effected 
in  this  service  has  a  favorable  bearing  on  total  n€t  revenue. 

Advantages. — Two  important  characteristics  of  the  electric 
locomotive  have  been  demonstrated  conclusively. 

First. — Complete  reliability  is  obtained  under  all  conditions 
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of  service.  The  power  of  full  capacity  is  available  in  either 
warm  or  freezing  weather.  In  cold  weather,  the  excessive 
heat  radiation  which  is  disastrous  to  the  steam  engine,  is  of 
benefit  to  the  electric  locomotive,  as  more  current  can  be 
passed  through  the  motors  without  over-heating  and  their 
capacity  is,  therefore,  increased.  Moreover,  the  services  of 
electric  locomotives  are  available  at  all  times,  since  detentions 
are  not  necessary  to  clean  boilers  and  grates,  to  take  water, 
or  to  light  or  to  bank  fires.  Under  steam  operation  only  30 
per  cent  to  40  per  cent  of  the  total  locomotive  hours  are 
spent  on  the  road,  whereas  with  the  electric  locomotives  over 
90  per  cent  of  each  24  hours  may  be  given  in  service. 
Greater  mileages  can  be  made  between  the  periods  when 
running  repairs  and  inspections  must  be  made.  Stand-by 
losses — Fig.  3 — common  to  steam  locomotives  are  eliminated. 

Second. — The  maintenance  cost  is  low  as  compared  with  the 
steam  locomotive.  The  maintenance  of  electric  locomotives 
will  average  about  65  per  cent  of  that  of  steam  locomotives 
of  equal  weight.  This  is  apparent  when  we  consider  that  at 
least  one-half  of  the  costs  of  repairs  of  the  steam  locomotive 
is  expended  on  the  boiler. 

In  general,  the  electric  locomotive  has  characteristics 
which  are  especially  advantageous  to  railroad  operation, 
namely: 

1 — Track  capacity  can  be  increased  by  100  per  cent  in  cer- 
tain instances.  Stops  for  coal  and  water  are  eliminated  and 
increased  schedule  speed  results. 

2 — ^A  flexibility  of  operation  is  possible  which  permits  two 
or  more  units  to  be  coupled  together  and  handled  by  a  single 
crew. 

3 — A  symmetrical  wheel  arrangement  permits  of  operation 
in  either  direction. 

4 — Operation  is  simple — all  the  electrical  apparatus  is  so 
arranged  that  by  the  movement  of  small  handles  the  power  is 
connected  to  the  motors  and  the  locomotive  is  brought  up  to 
speed. 

5 — Operation  is  from  the  front  end,  where  the  engineman's 
vision  is  unobstructed  and  the  best  possible  view  of  the  track 
is  obtained. 

The  reliability  and  freedom  from  failure  of  the  electrified 
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service  in  and  about  the  City  of  New  York  is  noteworthy. 
Here  are  located  the  electrified  operating  terminals  of  the  two 
greatest  railroad  systems  of  the  world,  the  train  service  on 
both  of  which  statistics  show  to  be  less  subject  to  interrup- 
tions and  delays  since  operated  by  electricity  than  under  the 
best  results  ever  obtained  when  steam  locomotives  were 
used. 

There  is  no  longer  a  question  of  whether  electricity  can  do- 
the  work  of  broadening,  extending,  and  improving  the  very  ad- 
mirable performance  of  the  modern  steam  locomotive.  This 
has  been  amply  demonstrated. 

The  trend  towards  electrification  is  due  not  alone  to  the 
many  inherent  advantages  of  the  electric  locomotives,  but  to 
other  important  reasons.  The  rise  in  the  cost  of  fuel  greatly 
has  increased  the  operating  costs  of  steam  locomotives.  Elec- 
tric power  can  be  produced  at  a  low  cost  due  to  the  develop- 
ment in  hydro-electric  and  steam  generating  plants.  As  the 
growth  of  traffic  in  the  United  States  continues  to  increase,  the 
facilities  necessary  for  the  movement  of  this  traffic  will  have 
to  be  increased.  When  this  point  is  reached  the  high  cost  of 
adding  to  the  number  of  tracks  will  make  it  necessary  to  in- 
crease the  service  over  the  present  tracks,  and  this  end  can.' 
be  accomplished  most  readily  with  electric  operation. 


CHAPTER  II 

ELECTRICAL  TERMS  AND  THEIR   RELATION 
TO  MECHANICS 

Altht)iig-h  the  actual  nature  of  electricity  itself  is  still  un- 
known, a  general  knowledge  of  electrical  phenomena  has  be- 
come common  and  some  conception  concerning  the  meaning  of 
the  electrical  units,  such  as  the  volt,  the  ampere  and  the  watt  is 
also  general,  although  use  is  often  made  of  these  words  and 
other  electrical  terms,  without  understanding  fully  what 
they  actually  mean  and  for  what  they  stand.  The  purpose 
of  this  chapter  is  to  explain  the  meaning  of  some  of  the 
electrical  terms,  and  to  show  the  relation  between  them. 

Electricity. — Electricity  is  the  name  given  to  an  invisible 
agent  which  is  regarded  as  the  cause  of  certain  chemical  and 
physical  phenomena.  Although  many  of  the  effects  pro- 
duced, now  are  understood  well,  little  is  known  as  yet  of  the 
precise  nature  of  electricity  itself.  It  is  not  matter,  nor  is  it 
energy  alone ;  yet  it  can  be  combined  with  matter,  and  energy 
can  be  expended  to  create  and  move  it.  A  fact  of  greatest 
importance  is  that  the  energy  spent  in  generating  electricity 
in  one  part  of  a  system  can  be  transformed  into  heat,  or  light, 
or  work  at  some  other  part  of  the  system,  and  this  transfer 
of  energy  may  take  place  although  great  distances  intervene. 
In  the  visual  conception,  electricity  is  often  associated  with 
lights,  or  with  power,  or  something  which  is  flowing  through 
conducting  wires.  There  are,  however,  several  forms  of  elec- 
trical energ}^  including  what  is  known  as  static  electricity 
and  also  magnetism — these  two  forms  of  electrical  phenomena 
having  been  known  long  before  current  or  dynamic  electricity. 

Static  Electricity. — Static  electricity  can  be  produced  by 
friction  and  remains  upon  the  surface  of  bodies.  If  a  glass 
is  rubbed  with  a  piece  of  silk  or  flannel,  it  w^ill  be  found  to 
have  acquired  a  property  which  it  did  not  previously  possess, 
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namely,  the  power  of  attracting  to  itself  pieces  of  paper, 
light  bodies,  dust,  etc.  When  in  this  condition,  the  glass  is 
said  to  be  charged  with  static  electricity.  The  same  con- 
dition exists  if  a  stick  of  sealing  wax  is  rubbed  with  flannel, 
woolen  cloth,  or  fur.  The  quantity  of  electricity  produced 
by  friction  is  spoken  of  as  a  charge,  and  a  body  when  elec- 
trified, is  said  to  be  charged.  When  the  electricity  is  removed 
it  is  said  to  be  discharged. 

Conductors  and  Insulators. — Certain  materials  are  better 
suited  than  others,  for  the  passage  of  electric  currents.  To 
those  bodies  which  allow  electricity  to  flow  readily  through 
them  or  rather  over  their  surfaces,  the  term  conductors  is 
given.  To  those  bodies  which  oppose  with  great  resistance, 
the  conduct  of  electricity,  the  term  insulators  is  given.  All 
of  the  metals  are  conductors,  some  being  better  than  others. 
The  human  body  is. a  conductor  and  so  also  is  water.  On  the 
other  hand,  oil,  glass,  silk,  shellac,  mica,  rubber,  porcelain, 
micarta,  etc.,  are  insulators.  These  substances  are  therefore 
used  for  supporting  or  separating  electrical  apparatus  and 
wires  which  carry  electricity. 

The  Magnet. — The  ancients  gave  the  name  magnet  to  cer- 
tain hard,  black  stones,  which  possessed  the  property  of  at- 
tracting small  pieces  of  iron.  These  stones  were  natural 
magnets  or  lodestones.  It  was  later  found  that  artificial 
magnets  could  be  made  from  these  natural  ones.  If  a  piece 
of  iron  was  rubbed  with  one  of  these  lodestones,  it  would 
acquire  the  same  magnetic  characteristics  as  the  stone  itself, 
and  would  attract  small  pieces  of  iron,  and  if  hung  on  a 
thread,  it  would  point  north  and  south.  It  was  found  that 
there  were  two  opposite  kinds  of  magnetic  poles ;  one  was 
called  the  north  pole  and  the  other,  the  south  pole.  Between 
these  two  poles,  it  was  discovered,  there  existed  invisible 
"lines  of  force"  forming  what  is  known  as  a  magnetic  field. 
Later  experiments  proved  that  the  magnet  and  magnetic 
field  could  be  produced  by  winding  a  coil  of  wire  around  an 
iron  center  and  passing  electricity  through  the  wire.  This  is 
the  method  used  to  produce  the  field  in  the  electric  generators 
and  motors  of  today. 

Current  Electricity. — Certain  materials  have  been  described 
as  being  conductors  of  electricity  and  others  as  non-conduc- 
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tors  or  insulators.  The  charge  of  static  electricity  on  a  body 
will  be  removed  or  decreased  if  a  conductor  is  connected  be- 
tween the  body  and  the  ground  or  another  body  having  a 
weaker  charge.  If  by  any  arrangement,  electricity  could  be 
supplied  to  the  body  as  fast  as  it  flowed  away,  a  continuous 
current  would  be  produced  ;  that  is,  if  the  ends  of  the  con- 
ductor were  kept  at  different  electric  pressures  or  voltages. 
The  manner  is  similar  to  that  of  the  current  of  heat  which 
will  flow  through  a  metal  rod  if  the  ends  are  kept  at  different 
temperatures,  the  flow  being  always  from  .he  higher  tem- 
perature to  the  lower. 

The  Volt. — Electricity  flowing  in  a  w^re  is  analogous  to 
water  flowing  in  a  pipe.  In  water  pipes  a  difference  of  level 
produces  a  dift'erence  in  pressure,  which  will  cause  a  tendency 
for  the  water  to  flow  from  the  high  level  to  the  low  level. 
So  it  is  with  electricity.  A  difference  of  potential  produces 
an  electro-motive-force  or  voltage  and  the  voltage  sets  up  a 
current  as  soon  as  the  circuit  is  closed.  In  the  pipe  there  are 
a  certain  number  of  units — cubic  inches — which  are  flowing 
at  a  certain  rate  per  minute,  and  these  imits  are  under  a  cer- 
tain pressure  measured  in  pounds  per  scitiare  inch.  In  the 
wire  carrying  electricity,  there  is  the  unit  of  electricity,  the 
ampere ;  the  unit  of  cpiantity,  the  coulomb  ;  and  the  unit  of 
pressure,  the  volt.  Increasing  the  pressure  in  the  pipe  in- 
creases the  flow  of  water,  so  also  increasing  the  voltage  in- 
creases the  current  or  amperes.  The  amount  of  water  flowing 
depends  also  on  the  size  of  the  pipe  and  the  capacity  of  the 
reservoir.  With  a  small  pipe,  offering  high  resistance,  the 
amount  of  Avater  will  be  much  less  than  with  a  larger  pipe 
of  lower  resistance.  With  electricity,  the  amount  passing 
through  depends  on  the  voltage,  on  the  resistance  of  the  con- 
ductor and  capacity  of  the  generator.  With  a  constant  pres- 
sure the  quantity  of  electricity  will  be  directly  proportional 
to  the  resistance. 

There  is,  however,  a  standard  which  determines  directly 
the  value  of  the  volt,  namely,  the  Clark  Standard  Cell.  When 
its  temperature  is  15  degrees  Centigrade,  the  voltage  of  this 
cell  is  1.434  volts. 

The  Ohm. — The  ohm  is  the  unit  of  resistance.  All  sub- 
stances  offer    some   resistance   to   the   passage   of   electricity 
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through  them,  the  strength  depending  on  the  substance  itself, 
on  its  length,  and  on  its  cross-section.  The  analogy  between 
electricity  and  the  water  in  a  pipe  will  help  again.  As  long 
as  the  pressure  remains  constant,  the  amount  of  water  which 
flows,  depends  upon  the  resistance  of  the  pipe.  If  the  pipe 
is  small,  long,  and  full  of  bends,  the  water  will  run  slowly 
thrcmgh,  whereas  if  it  is  straight  and  of  short  length  the  re- 
sistance to  the  flow  will  be  less.  If  the  metal  wire  is  very 
small  and  of  considerable  length,  only  a  very  feeble  current 
may  flow  even  when  considerable  voltage  or  pressure  has  been 
applied,  the  resistance  l)eing  dififerent  with  different  metals. 
Copper  is  of  very  low  resistance,  while  iron  is  of  relatively 
high  resistance.  The  resistances  of  all  metals  increase  with  an 
increase  in  temperature,  while  carbon  and  solutions  which  are 
conductors,  decrease  in  resistance  when  an  increase  in  tem- 
perature occurs. 

The  international  ohm  is  defined  in  terms  of  the  resistance  of 
a  column  of  mercury.  To  be  exact,  one  ohm  is  the  resistance 
of  a  uniform  column  of  mercury  106.3  centimeters  long  and 
14.4521  grammes  in  mass  at  0  degrees  Centigrade.  A  con- 
ductor has  a  resistance  of  one  ohm  when  the  pressure  re- 
quired to  send  one  ampere  through  it  is  one  volt. 

The  Ampere. — The  ampere  is  the  unit  of  electric  current  and 
is  defined  in  terms  of  the  amount  of  silver  which  is  deposited 
when  electricity  is  passed  through  a  nitrate  of  silver  solution. 
To  1)6  exact,  it  is  the  amount  of  current  which  will  deposit 
silver  at  the  rate  of  0.001118  of  a  gram  per  second,  when  flow- 
ing through  a  solution  made  up  of  15  parts  l)y  weight  of  a 
neutral  solution  of  silver  nitrate  and  85  parts  of  water. 

The  ampere,  the  ohm  and  the  volt  bear  a  certain  relation 
to  one  another.  The  volt  is  the  pressure  which  will  drive  one 
ampere  through  a  resistance  of  one  ohm. 

The  Watt. — The  power  available  from  the  water  in  the  pipe 
is  equal  to  the  product  of  the  amount  and  the  pressure;  so 
similarly,  with  electricity,  the  power  available  in  a  circuit  is 
equal  to  the  volts  multi])lied  1)y  the  number  of  amperes.  This 
unit  of  power  is  called  the  watt.  One  ampere  at  one  volt 
equals  one  watt.  For  instance,  if  we  have  100  amperes  at  10 
volts,  the  power  will  be  10  x  100=1,000  watts,  or  one  kilowatt. 
(Kilo   is   a   Greek   word,   and   means    one    thousand.)      There 
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would  still  be  the  same  power  if  10  amperes  at  ICO  volts  were 
flowing,  as  the  same  product — 1,000 — is  obtained.  If  this 
current  should  flow  for  three  hours  the  energy  consumed 
would  be  three  kilowatt  hours. 

Electricity  by  Chemical  Action. — It  may  further  be  ex- 
plained that  electricity  is  related  to  chemistry  and  can  be 
generated  by  means  of  chemical  action.  Take,  for  instance, 
the  so-called  voltaic  pile  and  the  various  cells.  The  voltaic 
pile  is  made  by  placing  a  pair  of  discs — one  of  zinc  and  one 
of  coi)per — in  contact  with  each  other,  then  laying  on  "the 
copi)er  disc  a  piece  of  flannel  or  blotting  paper  moistened 
with  brine,  after  which  a  similar  pair  of  discs  are  placed  in 
])()sition  and  so  on  through  the  series,  each  pair  of  discs  in 
the  pile  being  se])arated  by  a  moist  conductor. 

Battery  cells  are  made  by  placing  two  metals  in  a  weak 
acid  solution,  as  in  the  case  of  zinc  and  copper  in  a  solution  of 
sulphuric  acid,  or  zinc  and  carbon  in  a  solution  of  salam- 
moniac. 

It  is  also  possible  to  produce  chemical  action  by  the  passage 
of  a  current  of  electricity  through  certain  solutions.  When 
electricity  is  passed  through  a  solution  of  sulphate  of  copper 
or  "blue  vitriol,"  as  it  is  commonly  called,  the  solution  is 
broken  up,  and  metallic  copper  is  deposited  on  one  of  the 
terminals  in  the  solution.  The  amount  of  copper  deposited 
is  proportional  to  the  amount  of  current  passing  through. 
One  of  the  early  types  of  electric  meters  for  house  circuits 
was  based  on  this  principle.  The  current  consumed  by  the 
lights  was  passed  through  such  a  solution  and  the  amount  of 
the  deposit  in  ounces  was  determined  by  weighing  the  proper 
terminal  every  month.  From  the  increase  in  weight  the 
amount  of  current  became  known  and  the  consumer  was 
charged  accordingly. 

Relation  to  Mechanics. — The  volt  has  been  referred  to  as 
the  electrical  unit  of  pressure  and  the  value  has  been  defined 
in  terms  of  the  Clark  Standard  Cell.  The  term  pressure  also 
conveys  a  certain  definite  meaning  when  considered  from  a 
purely  mechanical  standpoint,  and  the  question  arises  at  once, 
as  to  the  relation  between  the  electrical  and  mechanical  units. 
Does  the  volt  approximate  the  grain,  the  ounce,  or  the  jxnmd? 
On  first  thought,  the  volt  appears  as  an  electrical  unit  not  a 
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mechanical  one,  and  therefore  it  appears  as  if  no  comparison 
could  be  drawn. 

If,  however,  the  means  of  obtaining  pressure,  or  of  setting 
matter  in  motion,  is  considered  separately  from  the  resulting 
pressure  or  motion,  a  proper  comprehension  can  be  obtained, 
since  the  laws  of  pressure  or  force  constitute  the  science  of 
mechanics  and  cover  all  the  phenomena  of  force  as  applied 
to  matter,  whether  at  rest  or  in  motion.  All  questions  of 
force,  therefore,  can  and  must  be  viewed  accordingly.  While 
the  cause  of  pressure  or  motion  may  be  electrical,  the  resulting 
force  is  mechanical,  and  although  we  may  not  know  what 
electricity  in  itself  really  is,  still  we  may  have  a  clear  knowl- 
edge of  the  results  it  produces. 

Centimeter  -  Gramme  -  Second  System  -  The  Dyne.  —  The 
whole  system  of  electrical  calculations  as  related  to  mechanics 
is  based  upon  the  centimeter-gramme-second  system ;  the 
unit  of  length  or  space  is  the  centimeter,  the  unit  of  mass, 
and  practically  of  weight,  is  the  gramme,  and  the  unit  of  time 
is  the  second.    This  is  referred  to  as  the  c.  g.  s.  system. 

The  force  required  to  move  a  mass  of  one  gramme  at  a 
velocity  of  one  centimeter  per  second,  after  having  been 
applied  for  one  second,  is  called  the  unit  of  force  and  is  known 
as  the  dyne.  It  will  be  noticed  that  this  is  a  purely  mechanical 
definition  and  therefore  is  in  keeping  with  the  mechanical 
system  of  units,  based  upon  the  force  of  gravity  and  the  laws 
of  falling  bodies. 

The  force  of  gravity  varies  slightly  at  different  locations  on 
the  earth's  surface,  depending  on  the  latitude,  but  for  all 
practical  purposes  a  constant,  32.2,  can  be  used.  That  is.  the 
action  of  gravitation  is  such  that  a  falling  body  will  in  one 
second  reach  a  speed  of  32.2  ft.  per  second,  or  for  a  given 
number  of  seconds  the  speed  will  be  a  corresponding  multiple 
of  this  speed.  Here  the  pound  is  considered  as  the  unit  of 
mass,  and  the  unit  of  distance  as  the  foot.  If  the  relations 
between  the  gramme  and  the  pound,  and  between  the  centi- 
meter and  the  foot  are  known,  the  laws  of  gravity  can  be 
expressed  in  terms  of  the  dyne,  and  thus  show  the  relation 
to  the  electrical  units  which,  as  previously  stated,  is  based  on 
the  dyne. 

One    pound    avoirdupois    is    equal    approximately    to    453.6 


ELECTRICAL    TERMS  13 

grammes  and  32.2  feet  is  equal  approximately  to  981  centi- 
meters. The  force  with  which  a  body  gravitates,  i.e.,  the 
force  with  which  the  earth  attracts  any  mass  and  usually 
called  the  weight  of  the  mass,  is  equal  to  the  mass  multiplied 
by  g  or  in  terms  of  the  c.  g.  s.  system,  one  pound  of  force  is 
equal  to  453.6  x  981  =  444,982  dynes. 

Mechanical  Equivalents. — As  previously  stated,  the  volt  is 
the  force  \\  hich  causes  one  ampere  to  flow  through  a  resist- 
ance of  one  ohm.  The  volt  can  be  and  is  expressed  in  terms 
of  the  dyne  ;  it  is  equivalent  to  W  or  100,000,000  dynes. 

In  a  preceding  paragraph  it  has  been  established  that  a  force 
of  one  pound  is  equal  to  444,982  dynes,  so  that  dividing  the 
value  of  the  volt  in  dynes  by  the  number  of  dynes  equivalent 
to  a  pound,  the  value  of  the  volt  can  be  expressed  in  pounds 

100,000,000 

and  is  equivalent  to  ■ ^  224.73  lb. 

444,982 

The  unit  of  resistance  is  also  expressed  in  dynes  and  is  lO'', 
so  that  the  ohm  is  equal  .to  2,247.3  lb. 

These  magnitudes  are  so  much  greater  than  the  general  con- 
ception of  the  value  of  the  corresponding  units  that  a  further 
comparison  will  be  made.  It  is  known  that  electricity  is  closely 
related  to  heat  and  that  current  flowing  through  a  conductor 
will  generate  heat.  It  is  also  known  that,  by  vil^ration,  or  by 
moving  of  the  particles,  heat  can  be  produced  in  metals.  For 
instance,  a  wire,  when  bent  rapidly  back  and  forth,  generates 
heat,  due  to  the  movement  of  the  particles  of  the  wire  against 
the  force  of  cohesion.  If  the  theory  that  electricity  acts  simi- 
larly on  the  molecules,  is  accepted,  then  the  reason  for  the 
heating  and  the  magnitude  of  the  unit  of  the  force,  or  volt,  as 
shown  in  the  preceding  paragraph,  are  apparent. 

The  imit  of  work  is  the  work  done  in  overcoming  unit  force 
through  unit  distance.  In  the  c.  g.  s.  system  it  is  the  work 
done  in  overcoming  a  force  of  one  dyne  through  a  distance  of 
one  centimeter.    This  unit  of  work  is  called  the  erg. 

Power  is  the  rate  at  which  work  is  being  done.  It  may  be 
expressed  in  foot-pounds  per  second,  or  in  ergs  per  second. 

The  watt,  expressed  as  10'  ergs  per  second,  is  analogous  to 
the  foot-pound,  in  that  each  is  a  unit  of  pressure  or  weight 
acting  through  a  unit  of  space,  and  in  neither  case  is  the  ele- 
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ment  of  time  introduced ;  that  is,  a  watt  of  work  will  be  the 
same  amount  no  matter  how  long  it  may  take  to  do  it,  exactly 
as  a  foot-pound  is  equal  to  one  povmd  lifted  one  foot  high 
without  reference  to  the  time  required.  If,  however,  the  time 
of  performing  these  amounts  of  work  is  limited  to  the  unit  of 
time,  that  is,  to  one  second,  the  former  case  becomes  one  watt- 
second,  or  one  "joule,'  which  is  a  rate  of  doing  work,  or 
"power."  There  is  no  specific  name  for  the  foot-pound  lifted 
in  one  second,  but  there  is  the  term  horsepower,  which  i?  550 
foot-pounds  per  second. 

A  comparison  may  now  be  instituted  between  the  watt 
and  the  horsepower.  One  foot  equals  30.48  centimeters  and 
the  force  of  one  pound  we  have  seen  equals  444,982  dynes, 
so  that  one  horsepower  is  represented  by  30.48  X  444,982  X 
550  =  7,460,000,000  ergs  per  second.  Since  one  watt  is  equal 
to  10'  ergs  per  second,  one  horsepower  is  equal  to  746  watts. 


CHAPTER  III 
OHM'S  LAW— SERIES  AND  PARALLEL  CIRCUITS 

In  the  ])receding  chapter  has  been  shown  the  relation  be- 
tween the  volt,  the  ampere,  and  the  ohm.  The  voltage  or 
force  tending-  to  mt)ve  the  electricity  is  designated  by  "E"; 
the  rate  of  flow  or  current  is  designated  by  "I,"  and  the  resis- 
tance which  the  force  must  overcome  to  produce  the  flow  of 
electricity  is  designated  by  "R."  The  relation  existing  be- 
tween these  three  factors  was  discovered  and  expressed  by 
Ohm,  and  is  known  as  Ohm's  law  of  electrical  resistance.  The 
law  is  as  follows  : 

"The  current  in  a  circuit  is  directly  proportional  to  the  elec- 
tromotive force,  E,  and  inversely  proportional  to  the  resist- 
ance, R."    The  law  also  may  he  written  in  the  form  of  an  equa- 

E 
tion,  thus.  I  =  — .  that  is,  if  the  electromotive  force  E,  be  in- 

R 

creased,  the  current  will  be  increased  in  the  same  proportion  ; 
if  the  resistance,  R,  be  increased  the  current  will  be  decreased 
proportionally.  Likewise  a  decrease  in  the  resistance,  R, 
causes  a  proportional  increase  in  the  current. 

Simple  Circuit — There  are  three  factors  involved  in  this 
equation,  so  that  if  any  two  of  these  factors  are  known  the 
third  can  be  determined.  The  following  examples  illustrate 
this  point : 

Examples : — 

1.  If  110  volts  is  applied  to  a  circuit  having  a  resistance  of 
20  ohms,  how  much  electricity  will  flow? 

E    ,      no 

Ans.  I  =  —  J  I  = =  5.5  amperes. 

R  20 

2.  What  voltage  would  be  necessary  in  order  to   force  a 

IS 
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current  of  23  amperes  through  a  resistance  of  340  ohms? 

Ans.     I  =  ^;  or  E  =  I  R ;  or  E  =  23  X  340  =  7820  volts. 

R 
3.     If  it  is  desired  to  obtain  7.5  amperes  and  the  source  of 
power  is   110  volts,  how   much  resistance   will  be  necessary. 

E  E  liO 

Ans.     I  =  —  ;  or  R  =  —  ;  or  R  = =  14.67  ohms. 

R  I  7.5 

Series  Circuit. — The  above  examples  illustrate  problems  en- 
countered when  dealing  with  a  simple  circuit,  but  the  same 
principle  or  law  applies  to  any  direct  current  circuit. 

R  R 


a^:-^  10  Ohms  nohms 

^;^  21  Ohms 


-^ ^=^-^smsL ^ 

Fig.  4 — Illustration  of  a  Circuit  Containing  Resistances 
Connected  in  Series. 

Both  series  and  parallel  circuits  are  encountered  in  electrical 
work,  and  it  often  becomes  necessary  to  determine  throughout 
the  circuit,  the  electricity  flowing  or  perhaps  to  make  an  anal- 
ysis of  the  voltage-drop.  In  the  series  circuit  the  several  parts 
are  joined  together  in  such  a  manner  that  the  current  passes 
through  all  the  parts,  one  after  the  other,  as  in  Fig.  4.  The 
total  resistance  is,  in  this  case,  the  sum  of  the  separate  resist- 
ances, and  this  total  resistance  must  be  obtained  in  order  to 
determine  the  ainount  of  current,  as  in  the  following  example  : 

4.  Referring  to  the  circuit  having  three  coils  of  10,  17  and 
21  ohms,  respectively,  in  series — Fig.  4 — across  110  volts,  how 
much  electricity  is  flowing?    The  calculation  follows: 

E  E  110  110 

I  =  — ;  I  = ;  I  = =.  ■ =  2.292  amps. 

r'  R1+R.+R3  10+17+21        48 

5.  In  a  circuit  of  9  arc  lamps  in  series,  each  lamp  has  a  re- 
sistance of  5  ohms,  and  a  current  of  3.7  amperes  is  required  to 
give  the  proper  light.    What  voltage  must  be  applied? 

Ans.  I  =—  ;  E  =  I  R ;  E  =  3.7  (9x5)  =  3.7x45  =  166.5  volts 
R 
At  times  it  is  necessary  to  know  the  voltage-drop  across  any 
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or  each  of  the  various  parts  which  go  to  make  up  a  circuit. 
For  instance,  referring  to  Fig.  4,  it  might  be  interesting  to 
know  what  voltage  drop  exists  across  each  of  the  three  resist- 
ances. In  this  particular  problem  we  know  from  Example  4 
that  2.292  amperes  is  flowing.  Since  Ohm's  law  can  be  applied 
to  any  part  of  a  circuit,  the  voltage-drop  across  each  of  the 
coils  is  then  E  =  IR,  and  is  as  follows : 

E  =z  2.292  X  10  =  22.92  volts  drop  across  the  10-ohm  coil. 
E  =:  2.292  X  17  =  38.96  volts  drop  across  the  17-ohm  coil. 
E  rr:  2.292  X  21  ^  48.13  volts  drop  across  the  21-ohm  coil. 

Parallel  Circuits. — An  illustration  of  parallel  or  divided  cir- 
cuits is  shown  by  Fig.  5.  The  current  on  reaching  point  "a" 
divides,   a   certain   amount   passing  through   r^   and   the   rest 

— ^msb — - 

9  Ohms  \ 


14  Ohms 


Fig.  5 — Arrangement  of  Circuit  with  Resistances  in  Parallel. 


through  ro.  The  problem  is  to  determine  how  much  current 
passes  through  each  branch.  The  amounts  depend  upon  the 
relative  resistance  of  the  two  circuits,  the  one  with  the  lower 
resistance  taking  the  greater  amount  of  current. 

If  both  circuits  were  ecjual  in  resistance,  the  currents  in 
each  would  be  equal.  If  the  resistance  of  one  be  twice  that  of 
the  other,  then  one-half  will  flow  through  the  first  and  double 
the  half,  or  one  will  flow  through  the  second.  In  other  words, 
the  amount  of  current  would  depend  upon  the  ability  of  the 
circuit  to  carry  the  current  or  upon  its  "conductance."  Con- 
ductance may  be  said  to  be  the  inverse  of  resistance ;  in  fact, 
it  is  the  reciprocal  of  resistance.    It  inay  be  defined  as  equal  to 

— ,  and  thereforce  becomes  greater  as  the  resistance  decreases. 
R 

For  example,  if  the  resistance  of  a  circuit  is  2  ohms  the  con- 
ductance is  1/2.    If  the  resistance  is  ^  ohm  the  conductance  is  4. 
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In  the  case  of  the  circuit  in  Fig.  5,  the  resistances  are  r^  and 

1  1 

r,.  so  that  the  conductances  are  —  and  — . 

r,  r. 

It  is  obvious  that  the  joint  resistance  of  these  two  parallel 
circuits  is  less  than  the  resistance  of  either  one.     Now  if  we 


let   R  represent  the  joint   resistance,  ther  —  represents  the 

R 
joint  conductance,  and  this  joint  conductance  will,  of  course, 
equal  the  sum  of  the  two  conductances.     We  have  then 

1  1,1         r,+r,  r,r, 

;   K= 


R         r^         r,  r,r,  r.+r^ 

This  formula  for  the  resistance  of  parallel  circuits  having 
two  divisions  can  be  put  into  the  shape  of  a  rule  as  follows  : 
"The  joint  resistance  of  a  divided  circuit  of  two  divisions  is 
equal  to  the  quotient  obtained  when  the  product  of  the  sepa- 
rate resistances  is  divided  by  their  sum." 

What  is  the  joint  resistance  of  the  circuits  in  Fig.  5  ;  also 
how  much  electricity  will  flow  from  the  source  of  supply,  and 
how  will  it  divide  ? 

r^r.         9X14        126 

R  = —  = = =  5.48  ohms. 

Ti+r,       9+14         23 

E         110 

The  total  current  will  then  be  I  = —  = =^  20.07  amps. 

R        5.48 

14 
This  current  will  divide  in  the  ratio  of  9  to  14,  that  is,  —  will  go 

9 
through  r^  or  12.21  amperes  and  —  will  go  through  r.,  or  7.86 

23 
amperes. 

If  there  are  more  than  two  divisions,  a  similar  rule  is  fol- 
lowed.   Suppose,  for  instance,  there  are  three  circuits,  r^,  r^,  r^ : 
Then 

1         1_    I     -^      .     ^         '■.a'..+i"ir3+rir. 


and 


R  rj         r.         r.,  I'li'i;!',; 

r,r..r, 

R= -^-^ 

ror,-)-rjr.,-j-rjro 


CHAPTER  IV 
INDUCTANCE  AND   CAPACITY 

In  the  two  preceding  chapters  have  been  explained  the  mean- 
ing of  several  electrical  terms,  such  as  the  ampere,  the  volt, 
the  ohm,  and  the  watt.  Ohm's  law  has  been  explained  and 
examples  chosen  to  illustrate  the  use  of  this  law.  The  rela- 
tion of  the  electrical  units  to  mechanics  has  also  been  pointed 
out.  There  are  two  other  important  factors  which  should  be 
considered,  namely,  inductance  and  capacity. 

Discoveries  of  Faraday. — As  early  as  1831,  Faraday  discov- 
ered that  currents  could  be  induced  in  a  closed  circuit  by  means 
of  magnets,  these  magnets  being  moved  close  to  the  circuit, 
and  that  similar  currents  could  be  induced  if  a  coil  or  closed 
circuit  was  moved  across  a  magnetic  field.  Continuing  fur- 
ther, after  this  discovery,  he  found  that  a  current  whose 
strength  was  changing,  i.e..  either  increasing  or  decreasing, 
would  induce  a  secondary  current  in  a  closed  circuit  near  to  it. 
Such  currents,  whether  generated  by  a  magnet  or  by  other 
currents,  are  known  as  "Induction  Currents."  The  modern 
electric  generators,  induction  coils,  transformers,  and  other 
similar  appliances  are  based  upon  this  principle. 

Since  induction  plays  such  an  important  part  in  the  electric 
field,  these  discoveries  of  Faraday  should  be  explained  in  some 
detail,  so  that  the  principles  will  become  entirely  familiar  to 
the  reader  and  so  that  the  principles  of  the  transformer,  gen- 
erator, etc.,  may  be  better  understood  when  discussed  in  later 
chapters. 

Take,  for  instance,  the  example  of  a  spool  on  which  are 
wound  a  large  number  of  turns  of  insulated  wire,  the  two  ends 
of  which  are  connected  to  an  electrical  measuring  instrument 
for  indicating  when  electric  current  is  induced  in  the  wire  and 
the  direction  of  this  current.     If  the  north  pole  of  a  bar  mag- 

19 
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net  is  inserted  inside  of  the  spool,  a  momentary  current  is  ob- 
served to  flow  while  insertion  is  taking  place.  When  the  bar 
magnet  is  held  stationary  no  current  is  induced,  and  when  the 
magnet  is  withdrawn  the  induced  current  flows  in  the  oppo- 
site direction.  The  magnet  does  not  grow  any  weaker  by 
being  so  used,  for  the  real  source  of  the  electrical  energy  gen- 
erated is  the  mechanical  energy  spent  in  moving  the  magnet 
in  and  out  of  the  coil.  If  the  ends  of  the  wire  are  not  con- 
nected, and  the  coil  is  open-circuited,  no  currents  are  pro- 
duced. However,  an  electro-magnetic  force  or  a  voltage  tend- 
ing to  produce  a  current,  will  be  set  up. 

As  another  illustration,  take  two  coils  of  wire,  adjacent  to 
each  other,  with  the  centers  on  the  same  axis.  In  series  with 
the  first  coil  and  a  source  of  electrical  energy  assume  a  tele- 
graph key  so  that  when  the  key  is  closed  electricity  will  flow 
through  the  coil.  This  coil  will  be  called  the  primary  coil. 
Also  assume  the  other  coil,  which  will  be  called  the  secondary 
coil,  connected  to  the  electrical  instrument  for  measuring  cur- 
rent. It  has  been  found  that  whenever  electricity  is  allowed 
to  flow  in  the  primary  coil,  a  current  will  be  induced  in  the 
secondary  coil,  but  this  current  will  only  be  induced  momen- 
tarily while  the  current  in  the  primary  coil  is  increasing  from 
zero  to  its  maximum  value.  When  the  circuit  to  the  primary 
coil  is  broken,  current  is  again  induced  in  the  other  coil,  but 
only  while  the  current  is  decreasing  from  maximum  to  zero. 
So  long  as  a  steady  current  traverses  the  primary  circuit,  no 
currents  are  induced  in  the  secondary  circuit. 

Induction  Due  to  Alternating  Current. — ^Induction  and  in- 
duced current  are  generally  associated  with  alternating  cur- 
rent, and  are  not  necessarily  considered  in  connection  with 
direct  current.  The  reason  for  this  is  obvious.  Direct  current 
has  a  practically  constant  value,  and  as  we  have  just  seen, 
secondary  currents  are  not  induced  when  the  primary  current 
is  constant.  Alternating  currents  are  not  constant  in  value, 
but  change  rapidly  from  a  maximum  to  zero,  to  a  negative 
maximum,  and  back  to  zero,  this  cycle  taking  place  in  a  frac- 
tion of  a  second.  In  the  case  of  a  60-cycle  current  there  are 
60  of  these  cycles  per  second. 

It  has  been  explained  how  induced  currents  occur  whenever 
the  current  changes  in  strength  and  the  amount  of  the  induced 
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current  depends  on  the  rapidity  of  the  rate  of  change.  A  good 
deal  of  inductance  should  therefore  be  expected  when  the  cur- 
rent through  circuits  of  various  kinds  is  alternating.  And  this 
is  so.  Inductance  is  an  important  factor  when  dealing  with 
alternating  current  and  proper  allowance  must  be  made  for  it, 
as  well  as  the  resistance  of  the  circuit.  In  some  cases,  the  in- 
ductance of  a  circuit  may  be  greater  than  its  ohmic  resistance. 
The  Transformer. — This  same  principle  of  induction  applies 
to  the  transformer.  A  simple  transformer  is  shown  in  Fig.  6, 
and  consists  of  an  iron  ring,  I,  on  which  are  wound  two  sets  of 


Fig.   6 — Arrangement   of 

Parts   for  a  Simple 

Transformer. 


turns,  P  and  S.  When  the  current  is  interrupted,  say  in  the 
turns,  P,  a  current  of  electricity  at  a  certain  voltage  is  in- 
duced in  turns  of  wire,  S.  The  making  and  breaking  of  the 
current  in  the  turns,  P.  causes  a  change  in  the  number  of  lines 
of  force,  surrounding  them,  and  this  change  induces,  in  the 
iron  ring,  a  magnetic  flux  (or  lines  of  force).  This  magnetic 
flux  cuts  the  wires,  S,  and  a  current  is  induced  in  them. 

The  function  of  the  transformer  is  to  transform  electrical 
energy  at  one  voltage  to  electrical  energy  at  another 
voltage.  The  ratio  of  the  electrical  voltages  between  the 
two  sets  of  coils  is  equal  to  the  direct  ratio  of  the  number 
of  turns  of  wire  in  each  coil.  For  instance,  if  there  were 
10  turns  in  coil,  P,  and  5  turns  in  coil,  S, — Fig.  6 —  and  if 
alternating  current  at  220  volts  was  connected  to  the  termi- 
nals of  the  coil,  P,  then  the  voltage  across  the  terminals  of 
coil,  S,  would  be  in  the  ratio  of  10   :  5  or  equal  to  110  volts. 

Electrical  power  is  represented  by  kilowatts,  or  the  product 
of  volts  and  amperes.  It  has  been  shown  that  voltage  can  be 
changed  from  220  to   110.     Under  the  same  circumstances, 
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what  does  the  current  do?  Does  it  reduce  one-half,  does  it 
remain  the  same,  or  does  it  double  ?  If  there  were  no  losses 
in  the  transformer,  i.e.,  if  the  transformer  were  100  per  cent 
efficient,  the  current  would  have  to  double  when  the  voltage 
was  transformed  to  one-half  in  order  to  keep  the  input  and 
output  the  same.  No  machine  or  apparatus,  however,  is  of  100 
per  cent  efficiency,  but  the  transformer,  having  no  rotating 
machinery  or  moving  parts,  is  of  high  efficiency,  approximat- 
ing 98  per  cent.  In  the  case,  therefore,  of  the  transformer  with 
ratio  of  10  turns  to  5  turns,  if  100  amperes  were  flowing  into 
the  10  turns,  P,  the  current  strength  in  the  5  turns,  S,  would 
be  slightly  less  than  200  amperes. 

Large  numbers  of  transformers  are  used  to  reduce  the  high- 
voltage  of  a  supply  of  energy,  to  low-voltage  energy  that  is 
safer  and  more  convenient  for  operating  lamps,  motors,  and 
other  devices.  Transformers  used  for  this  purpose  are  called 
"step-down"  transformers. 

For  the  transmission  of  power  over  long  distances  at  volt- 
ages as  high  as  200,000  volts,  transformers  are  used  to  in- 
crease to  the  transmission  voltage  the  voltage  generated  by 
the  electric  generators.  These  transformers,  which  increase 
voltage,  are  known  as  "step-up"  transformers. 

In  practice  the  arrangement  represented  in  Fig.  6  would 
not  be  satisfactory,  as  there  would  be  a  large  magnetic  leak- 
age. By  magnetic  leakage  is  meant  that  many  of  the  lines 
of  force  created  by  the  current  flowing  in  the  coil,  F,  radiate 
away  from  the  iron  core,  in  directions  that  prevent  them  from 
cutting  the  turns  of  the  coil,  S.  The  energy  expended  in  form- 
ing these  lines  of  force  is  therefore  lost  as  far  as  use  is  con- 
cerned and  the  transformer  would  be  of  low  efficiency  as  com- 
pared with  transformers  of  modern  design.  To  reduce  to  a 
minimum,  this  magnetic  leakage,  coils  corresponding  to  the 
primary  coil,  P,  and  secondary  coil,  S,  are  carefully  insulated 
and  placed  close  together,  in  many  cases  being  wound  one  upon 
the  other,  or  subdivided  and  placed  alternately  side  by  side. 
By  arranging  the  coils  and  the  iron  in  this  manner,  practically 
all  the  flux  (or  lines  of  force)  produced  by  the  primary  coil 
must  pass  through  the  secondary. 

In  the  case  of  power  transformers  there  are  two  general 
types  of  construction,  namely,  "core"  type  and  "shell"  type, 
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which  reduce  the  magnetic  leakage  to  a  minimum.  The  names 
apply  to  the  position  of  the  iron  with  reference  to  the  coils. 
When  the  coils  are  outside  of  the  iron,  the  iron  forms  the  core 
and  the  transformer  has  the  core  type  construction.  When 
the  iron  is  on  the  outside  of  the  coils  the  transformer  has  what 
is  known  as  the  shell  type  of  construction,  as  the  iron  forms  a 
kind  of  shell  around  the  coils. 

The  electric  transformer  can  be  placed  in  almost  any  con- 
venient place  and,  not  having  any  moving  parts  to  wear  or  get 
out  of  order,  it  requires  an  exceedingly  small  amount  of  atten- 
tion.   It  does  its  work  silently  and  efficiently. 

Self-induction. — It  has  been  pointed  out  that  when  a  current 
in  one  circuit  is  increasing  or  decreasing,  there  is  an  inductive 
effect  upon  any  circuit  in  close  proximity.  This  inductive 
effect  is  due  to  the  change  in  the  number  of  lines  of  force 
constituting  the  magnetic  field,  as  it  is  called,  which  surrounds 
the  circuit  carrying  the  variable  current.  This  varying  mag- 
netic field  extends  in  all  directions  from  the  primary  coil  or 
circuit,  and  the  secondary  coil  or  circuit  lies  in  the  path  of  this 
magnetic  field,  so  that  the  turns  of  w^ire  are  "cut"  by  the  mag- 
netic lines  of  force  and  voltage  and  current  are  produced. 

It  is  obvious  that  the  magnetic  lines  surrounding  the  pri- 
mary circuit  must  "cut"  across  other  parts  of  this  circuit  as 
they  move  inward  or  outward.  There  is,  then,  a  current  and 
voltage  created  inductively  in  the  primary  circuit  itself.  This 
"self-induction,"  as  it  is  called,  can  be  very  great,  as  in  the 
case  of  a  coil  of  wire  of  a  large  number  of  turns,  when  the  same 
lines  of  force  "cut"  the  wire  many  times,  the  induction  being 
cumulative. 

The  admission  of  current  to  the  primary  has  the  same  ef- 
fect as  suddenly  plunging  the  bar  magnet  into  the  coil ;  stop- 
ping the  current  will  have  the  same  effect  as  suddenly  with- 
drawing the  magnet.  The  current  induced  by  plunging  a  mag- 
net into  a  coil  is  one  which  tends  to  push  the  magnet  out,  while 
that  induced  by  withdrawing  the  magnet  is  one  which  tends 
to  draw  it  back.  It  therefore  follows  that  the  self-induced 
voltage,  when  current  is  started,  tends  to  oppose  this  current, 
and  prevent  it  from  increasing  as  rapidly  as  it  otherwise 
would;  the  voltage  induced,  on  stopping  the  current,  will  tend 
to  help  the  current  to  continue.    The  value  of  this  self-induced 
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voltage  may  be  considerable,  since  the  rate  of  change  from  the 
maximum  number  of  lines  of  force  to  the  minimum  is  ex- 
tremely rapid  when  the   circuit   is  broken. 

Nearly  every  one  is  familar  with  the  "kick"  from  a  coil 
when  the  circuit  is  opened.  This  "kick,"  which  is  due  to  the 
self-induced  voltage,  may  be  several  times  as  great  as  the  sup- 
ply voltage,  and  in  many  cases,  where  equipment  of  consider- 
able size  is  being  handled,  it  is  extremely  dangerous  to  open 
circuits  unless  adequate  electrical  apparatus   is   available. 

Capacity. — Whenever  certain  materials  are  rubbed  by  cer- 
tain other  materials  static  electricity  is  produced ;  in  other 
words,  the  non-conductor  becomes  charged  with  electricity. 
This  charge,  however,  resides  only  on  the  surfaces  of  the 
conducting  bodies. 

The  density  of  the  charge  depends  upon  the  number  of  units 
of  electricity  which  have  been  imparted  to  the  insulated  body, 
and  upon  the  area  of  the  body.  This  charge  has  a  certain 
"potential"  or  voltage  in  reference  to  other  bodies.  In  order, 
therefore,  to  determine  the  capacity  of  any  body,  reference 
must  be  made  to  the  voltage  or  potential  which  will  be  pro- 
duced in  that  body  by  a  given  charge.  A  large  quantity  of 
electricity  imparted  to  a  conductor  or  body  of  small  capacity 
will  electrify  it  up  to  a  very  high  potential,  just  as  a  large 
quantity  of  water  poured  into  a  vessel  of  small  sectional  area 
will  raise  the  surface  of  the  water  to  a  comparatively  high 
level  in  the  vessel.  Capacity  is  also  comparable  with  the 
ability  of  a  bottle  to  contain  air.  The  addition  of  a  given 
amount  of  air  will  raise  the  pressure,  provided  the  tempera- 
ture remains  constant,  and  the  amount  of  air  required  to  pro- 
duce a  certain  pressure  in  the  bottle  may  be  taken  as  the  meas- 
ure of  the  capacity  of  the  bottle. 

The  capacity  of  a  conductor  is  increased  by  bringing  near 
it  a  stronger  charge  of  the  opposite  polarity,  and  this  principle 
is  made  use  of  in  the  construction  of  the  condenser.  A  con- 
ductor that  requires  only  one  unit  of  electricity  to  raise  its 
potential  from  zero  to  one,  is  said  to  possess  unit  capacity. 

In  the  consideration  of  various  circuits,  capacity  plays  an 
important  part.  In  the  case  of  alternating  currents  it  is  often 
essential  that  additional  capacity  be  connected  or  cut  into  the 
circuit,  either  to  produce  certain  conditions  or  else  to  offset 
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certain  other  conditions.  This  results  in  the  use  t)f  the  so- 
called  condenser  which  will  be  described  later. 

The  effect  of  capacity  is  very  noticeable  in  the  case  of  high 
voltage  transmission  lines.  The  transmission  line  acts  as  a 
condenser,  the  air  forming  the  outer  coating  and  the  wire  it- 
self the  inner  coating.  When  power  is  connected  to  the  trans- 
mission line,  electricity  will  flow  into  the  wire  until  the  capa- 
city has  been  filled,  although  no  electrical  power  is  taken 
from  the  line  meanwhile.  This  amount  of  power  to  supply  the 
condenser  effect  may  be  momentarily,  a  large  percentage  of 
what  later  constitutes  the  power  load.  When  the  current  is 
disconnected,  this  charge  of  current  returns.  The  capacity 
effect  is  a  very  important  factor  in  long-distance  high-volt- 
age work  and  must  be  seriously  considered  in  the  design  of 
the  transmission  line. 

The  Condenser. — The  manufactured  condenser  usually  con- 
sists of  a  box  made  from  insulating  material,  and  inside  of  this 
box  are  placed  a  mmiber  of  layers  of  tin-foil,  separated  from 
each  other  by  insulating  layers  of  paraffin  paper  or  mica.  All 
of  the  layers  composing  one  set  are  connected  to  one  terminal, 
and  all  of  the  other  layers,  to  another  terminal. 

Condensers  are  used  in  a  great  many  electrical  circuits 
where  special  results  are  required.  They  serve  as  a  momen- 
tary storage  reservoir  into  which  a  sudden  impulse  or  wave  of 
current  can  go,  and  this  excess  of  energy  will  be  returned 
when  the  impulse  has  passed. 

Their  effect  is  analogous  to  that  of  a  reservoir  connected  as 
a  branch  to  a  pipe  line  for  carrying  steam.  When  steam  is  first 
turned  into  the  system  the  reservoir  fills  until  it  has  the  same 
pressure  as  the  pipe  line.  If  the  line  pressure  drops  suddenly 
for  a  moment  the  steam  in  the  reservoir  discharges  into  the 
system,  and  so  maintains  the  supply.  When  the  steam  pres- 
sure returns,  the  reservoir  fills  and  becomes  ready  to  supply 
the  excess  steam. 

From  the  foregoing,  it  is  apparent  that  capacity  tends  to 
oppose  and  neutralize  inductance.  By  proper  proportioning  of 
these  quantities  in  any  circuit,  both  can  be  coiuiter-acted  and 
neutralized. 

Effects  of  Inductance  and  Capacity. — Inductance  and  ca- 
pacity exercise  a  powerful  influence  upon  an  alternating  cir- 
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cuit.  The  lines  of  force  in  the  case  of  the  alternating  current 
are  changing  continually  so  that  the  inductance  becomes  an 
important  factor.  It  is  practically  impossible  to  insert  into  an 
alternating  circuit  the  right  amount  of  capacity  to  completely 
neutralize  the  inductance  or  vice  versa.  However,  when  the 
inductance  and  capacity  are  approximately  neutralized  there 
is  a  condition  set  up  which  is  analogous  to  a  sinuilar  acoustic 
phenomenon  and  is  spoken  of  as  electrical  resonance.  Elec- 
trical transmission  of  energy  is  believed  to  take  place  by  a 
series  of  waves,  hence  every  circuit  can  have  a  natural  period 
of  vibration  of  its  own  as  does  a  tuning  fork.  If  voltage  be 
applied  to  a  circuit  for  an  instant,  a  wave  moves  along  it.  An 
analogous  phenomenon  can  be  observed  by  striking  a  long 
wooden  rod  with  a  hammer.  A  vibration  will  travel  along  the 
rod.  The  period  of  vibration  of  the  rod  depends  upon  its  elas- 
ticity and  its  density,  and  these  qualities  are  analogous  to  the 
inductance  and  capacity  of  electrical  circuits.  If  the  period 
of  vibration  or  resonance  of  the  circuit  is  resonant  to  the  ap- 
plied voltage,  then  the  waves  of  electrical  energy  will  pass 
freely  through  the  circuit. 


CHAPTER  V 


THE  GENERATION  OF  ELECTRIC  CURRENT 


The  few  preceding  chapters  have  explained  the  meaning 
of  several  electrical  terms.  In  this  chapter  the  generation  of 
electric  current  will  be  explained  and  reference  will  be  made 
to  many  of  the  electrical  terms  previously  discussed. 

The  electrical  apparatus  used  for  the  production  of  elec- 
tricity is  known  as  a  generator.  The  word  "dynamo"  is 
found  in  many  articles  and  refers  to  the  same  apparatus,  but 
in  recent  years  this  term  has  been  very  generally  discontinued 
and  the  word  "generator"  has  been  substituted. 

Faraday's  Discovery — Fleming's  Rule. — All  generators  are 
based  upon  the  discovery  made  by  Faraday  in  1831.  that  elec- 
tric currents  are  generated  in  conductors  by  moving  them  in  a 
^1  magnetic    field.       Faraday's     prin- 

I'l  ciple   may  be    summed   up   as   fol- 

lows :  "When  a  conductor  is  moved 
in  a  magnetic  field,  so  as  to  cut  the 
lines  of  force,  there  is  an  electro- 
^^  motive  force  induced  in  the  con- 
ductor, in  a  direction  at  right 
angles  to  the  direction  of  the  mo- 
tion, and  at  right  angles  also  to 
the  direction  of  the  lines  of  force." 
A    useful    rule    for    remember- 

Fk;.  7— Relation  between  Direc-    Jng-  this    relation    between   motion, 
tions  of  Motion,  Magnetism  .  ,     .     ,  , 

and  Induced  Current.  magnetism    and    mduced    current, 

is    as    follows :    Hold    the    thumb, 

first  and  middle  fingers  of  the  right  hand  at  right  angles  to 

each  other,  as  illustrated  in  Fig.  7.     If  the  thumb  is  pointing 

in  the  direction  of  the  motion  and  the  forefinger  is  pointing 

along  the  direction  of  the  magnetic  field  (the  lines  of  force  are 

supposed  to  pass  from  the  north  pole  to  the  south  pole),  then 
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the  middle  finger  will  point  in  the  direction  of  the  induced 
current.  This  rule  is  known  as  "Fleming's  Rule."  Another 
ivay  of  remembering  the  direction  of  the  induced  currents  is  to 
.>uppose  a  person  swimming  in  a  conductor  and  turning  so  as 
to  look  along  the  lines  of  magnetic  force.  If  he  and  the  con- 
ductor be  moved  towards  his  right  hand  he  will  be  swimming 
with  the  induced  current. 

Magnetic  Lines  of  Force. — It  is  a  well-known  principle  that 
if  a  bar  of  iron  has  a  number  of  turns  of  wire  wound  around  it, 
and  electric  current  is  passed  through  these  turns  of  wire, 
the  iron  bar  becomes  a  magnet  with  lines  of  force  radiating 
from  the  ends.  The  greater  the  number  of  turns  of  wire,  or 
with  a  given  number  of  turns,  the  larger  the  amount  of  cur- 
rent passed  through  the  wire,  the  greater  will  be  the  strength 
of  the  magnet  so  formed,  or,  in  other  words,  the  larger  will  be 
the  number  of  the  lines  of  force.  An  induced  electro-motive 
force  or  voltage  is  proportional  to  the  number  of  the  magnetic 
lines  cut  per  second.  In  a  generator,  the  magnetic  lines  radiate 
from  the  pole  pieces  around  which  are  placed  the  field  coils. 
The  unit  magnetic  pole  is  one  of  such  strength  that  when 
placed  at  a  distance  of  one  centimeter  from  a  pole  of  equal 
strength,  it  repels  that  pole  with  a  force  of  one  dyne. 

In  order  to  get  some  idea  of  the  magnetic  lines  of  force,  the 
whole  of  the  space  in  the  magnetic  field  should  be  conceived  to 
be  traversed  by  lines.  These  lines  can  be  used  to  specify  the 
direction  of  the  magnetic  field  and  also  the  magnitude.  If  the 
number  of  lines  per  square  centimeter  of  cross-section  of  the 
field  is  imagined  as  equal  to  the  number  of  dynes  of  force  (on 
a  unit  pole),  then  there  is  brought  to  mind  a  sort  of  graphic 
representation  of  the  strength  of  the  magnetic  field. 

It  has  been  stated  that  the  voltage  is  proportional  to  the 
number  of  magnetic  lines  cut  per  second.  Therefore,  with  a 
constant  speed  of  rotation,  the  induced  voltage  will  increase 
with  the  strength  of  the  field,  or,  in  other  words,  will  increase 
with  the  number  of  lines  of  force  radiating  from  the  pole 
pieces.  If  the  number  of  lines  is  kept  constant,  the  voltage 
will  increase  with  the  increase  in  speed  of  rotation.  In  either 
case,  the  number  of  lines  cut  per  second  is  increased. 

Current  Electricity. — In  order  to  understand  Faraday's  prin- 
ciple, a  clear  conception  of  the  generally  accepted  theory  re- 
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garding  the  nature  of  a  current  of  electricity  should  be  had ; 
no  one  knows  what  electricity  is  in  itself,  although  some  of  the 
laws  governing  electrical  phenomena  are  well  known.  One 
thing  is  certain,  however,  and  that  is,  that  the  energy  does  not 
flow  in  the  wire  itself,  but  is  transmitted  adong  the  outside  and 
around  the  wire.  The  presence  of  a  magnetic  field  or  magnetic 
lines  of  force  surrounding  a  wire  carrying  electric  current,  is 


Fig.  8 — A  Magnetic  Field  Surrounds  a  Wire  Carrying 
Electric  Current. 


also  known.  The  wire  is  surrounded  by  a  sort  of  magnetic 
whirl,  as  illustrated  in  Fig.  8.  To  set  up  this  magnetic  whirl 
requires  an  expenditure  of  energy  and  on  breaking  an  electric 
circuit  this  surrounding  energy  returns  or  flows  back  into  the 
circuit,  tending  to  maintain  the  current  and  this  causes  the 
spark  seen  when  the  break  occurs. 

The  Simple  Generator. — In  Fig.  9  is  shown  a  siiuple  genera- 
tor, the  armature  of  which  is  represented  by  only  one  coil  of 
wire,  but  which  serves  as  an  illustration  by  which  to  explain 
the  general  principles  relating  to  the  transformation  of  me- 
chanical energy  into  electrical  energy.  Consider  the  single 
rectangular  loop  of  wire  as  rotating  in  a  uniform  magnetic 
field  which  exists  between  the  poles  of  the  large  magnets,  the 
direction  of  the  lines  of  force,  as  stated  previously,  being  from 
the  north  pole  to  the  south  pole.  If  the  loop  be  placed  at  first 
in  a  vertical  plane,  the  number  of  lines  that  pass  through  it 
will  l)e  a  maximum,  but  as  it  is  gradualy  turned  to  the  hori- 
zontal position,  the  number  is  less  and  less  until  the  minitrium 
or  zero  is  reached.  As  the  rotation  continues,  the  lines  begin 
to  i)enetrate  the  loop  from  the  opi)osite  side,  so  that  there  oc- 
curs a  reversal  in  the  directit)n  of  the  flow  of  current  induced 
in  the  coil..  During  one-half  revolution,  the  induced  currents 
will  be  in  the  direction  from  liack  to  front  in  the  part  of  the 
loop  which  is  rising  on  the  left  and  in  the  opposite  direction, 
namely,  from  the  front  to  the  back,  in  that  part  which  is  de- 
scending on  the  right.    If  each  end  of  the  loop  were  separately 
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attached  to  metal  collars  on  the  shaft,  and  sliding  contacts 
established  between  these  rings  and  the  ends  of  a  circuit,  an 
alternating  current  would  be  supplied  to  the  circuit.  All  gen- 
erator armatures  are,  in  principle,  similar  to  this  simple  one- 
coil  armature.  Although  many  turns  of  wire  are  added,  each 
turn  is  affected  by  the  magnetic  field,  according  to  the  same 
laws  that  govern  this  single  turn. 

The  Necessity  for  a  Commutator. — There  are  two  general 
classes  of  generators,  direct-current  generators  and  alternat- 
ing-current generators.  The  reversal  of  current  in  a  single 
rotating  armature  coil  (Fig.  9)  has  been  explained,  and  a 
similar  reversal  occurs  in  all  armatures,  whether  of  the  direct 


Fig.  9 — A  Simple  Generator. 


or  alternating-current  type.  One  might  almost  say  that  alter- 
nating-current is  the  normal  type  and  direct-current  a  manu- 
factured or  derived  type.  In  order  to  obtain  direct  current 
from  any  armature,  it  is  necessary  to  make  use  of  a  commu- 
tator. This  device  usually  consists  of  a  series  of  copper  bars, 
one  for  each  coil.  Sliding  contact  with  these  bars  is  made  by 
means  of  brushes,  which  are  set  at  such  locations  that  the  cur- 
rent from  each  coil  is  in  one  direction  only.  Each  copper  bar 
or  commutator  segment,  as  it  is  called,  passes  by  the  brush  as 
a  reversal  of  current  takes  place  in  the  coil. 

Again  referring  to  the  simple  generator.  Fig.  9,  the  value 
of  the  alternating  current  can  be  shown  graphically  as  in  Fig. 
10.  If  a  simple  commutator  was  connected  to  this  coil,  then 
the  reversed  currents  would  be  "rectified"  and  we  would  have 
a  direct  current,  the  value  of  which  could  be  shown  graphically 
as  in  Fig.  11.  The  current  would  be  in  one  direction,  but  not 
continuous.  A  continuous  value  is  approximated  by  using  a 
large  number  of  coils  in  the  armature.     For  instance,  if  one 
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additional  coil  placed  at  right  angles  to  the  one  illustrated, 
had  been  used  in  this  simple  dynamo,  and  connected  to  the 
commutator,  a  "rectified"  current  superimposed  on  the  other 
current  as  shown  by  the  dotted  curves.  Fig.  11,  would  have 
been  obtained  since  this  coil  would  be  90  degrees  from  the 


Fig.  10 — Graphical    Representation    of    Alternating    Current. 

other  coil.  The  current  in  the  second  coil  would  become  zero 
in  value  when  the  maximum  occurs  in  the  first  coil.  It  now 
may  readily  be  seen  that  as  more  and  more  coils  are  added  the 
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Fig.   11 — Graphical   Representation  of   Direct 
Current — Reverse   Current   Rectified. 


variations  become  smaller  and  smaller  until,  with  a  large  num- 
ber of  coils  these  variations  are  so  slight  that  the  current  is 
practically  continuous  and  of  uniform  value. 

The  Direct-Current  Generator. — The  direct-current  genera- 
tor produces  in  the  circuit  a  practically  constant  and  steady 
voltage.  This  voltage  exists  even  when  no  demand  is  made  on 
the  generator,  that  is,  when  no  electric  current  is  fiowing.  The 
situation  is  analogous  to  that  of  a  rotary  pump,  the  function 
of  which  is  to  create  a  certain  pressure,  and  the  quantity  of 
the  liquid  delivered  depends  on  the  friction  or  resistance  of 
the  pipe  through  which  the  liquid  flows.  If  this  pipe  leading 
from  the  pump  be  entirely  closed  off,  no  liquid  is  carried  away, 
but  the  rotation  of  the  pump,  nevertheless,  maintains  the 
pressure.  The  energy  of  the  flow  when  the  pipe  is  open  is 
directly  proportional  to  the  product  of  the  pressure  given  by 
the  pimip  and  the  quantity  of  the  liquid  flowing. 

A  generator  operating  upon  an  open  circuit  has  only  to  raise 
the  electrical  presstire  or  voltage  between  the  brushe".  No 
energy  is  expended  in  the  circuit  and  the  only  energy  required 
to  keep  up  the  rotation  of  the  generator  is  that  necessary  to 
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overcome  the  frictional  resistance  of  the  machine  itself,  and  to 
maintain  the  voltage.  If  electricity  is  demanded  of  the  gen- 
erator, say  for  the  burning  of  lights  or  the  operation  of  elec- 
tric motors,  the  power  delivered  by  the  generator  is  directly 
proportional  to  the  product  of  the  current  and  the  voltage. 
Therefore,  the  power  required  to  drive  the  generator  under 
these  conditions  is  directly  proportional  to  the  output. 

The  Alternating-Current  Generator. — The  principles  relat- 
ing to  direct-current  generators  apply  in  general  to  alternat- 
ing-current generators.  When  in  open-circuit  operation  a 
voltage  between  the  brushes  is  generated,  although  this  volt- 
age is  not  constant  as  in  the  case  of  the  direct-current  genera- 
tor, but  varies  from  zero  to  a  maximum  and  back  again  to 
zero,  then  to  a  negative  maximum  and  back  to  zero.  This 
series  of  current  values  complete  what  is  known  as  a  "cycle," 
and  many  of  these  cycles  occur  per  second,  according  to  the 
"frequency"  of  the  generator.  Upon  connecting  the  generator 
to  a  circuit  consisting  of  lights  or  of  motors,  a  current  will 
flow  as  in  the  case  of  the  direct-current  machine.  Since  the 
voltage  is  not  constant,  but  varies,  it  would  naturally  be  ex- 
pected that  the  current  would  vary,  and  this  is  true,  the  varia- 
tions l^eing  of  the  same  numljer  as  the  voltage  variations,  so 
that  the  voltage  and  current  are  usually  considered  as  taking 
the  form  of  waves. 

Alternating  current  is  generally  employed  for  electric  light- 
ing and  power  when  transmission  over  a  long  distance  is  neces- 
sary, as  the  principles  governing  its  operation  enable  the  cost 
of  conductors  to  be  reduced,  since  it  is  possible  to  use  high 
voltages  for  transmission,  and  by  means  of  transformers,  re- 
duce this  high  voltage  to  the  suitable  voltage  for  the  load. 
The  cross  section  of  a  wire  necessary  to  transmit  a  given 
amount  of  electrical  energy  with  a  given  percentage  loss  in 
volts,  is  inversely  proportional  to  the  square  of  the  voltage 
used,  that  is,  if  the  voltage  is  raised  from  500  volts  to  1,000 
volts,  the  size  of  wire  can  be  reduced  to  one-quarter  the  cross 
section  and  weight.  The  great  advantage  thus  ol^tained  by  the 
use  of  high  voltage  can  be  realized  either  by  a  saving  in  the 
weight  of  wire  or  by  sending  the  current  over  a  greater  dis- 
tance with  the  same  size  of  wire. 


CHAPTER  VI 

THE  ELECTRIC  MOTOR 

The  electric  motor  operates  in  a  reverse  manner  as  com- 
pared with  the  electric  generator ;  it  receives  electrical  energy 
and  changes  it  into  mechanical  form.  The  generator  is  based 
upon  the  discovery  made  by  Faraday  in  1831,  that  electric  cur- 
rents are  generated  in  conductors  by  moving  them  in  a  mag- 
netic field.  The  reverse  condition  would  be  to  have  a  magnetic 
field  and  conductors  through  which  an  electric  current  is  flow- 
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Fig.   12 — A   Simple  Arrangement   Illustrating   the   Principles 
of  the  Electric  Motor. 

ing,  so  that  the  conductors  would  have  a  tendency  to  move. 
This  condition  is  exactly  what  occurs  in  the  case  of  the  elec- 
tric motor.  '*! 
Principle  of  the  Electric  Motor. — A  simple  but  interesting 
experiment  which  illustrates  the  electric  motor  principle,  is 
shown  in  Fig.  12.  If  an  electric  current  is  allowed  to  flow 
through  the  wire,  W,  from  some  source  of  power,  say  a  bat- 
tery, and  this  wire  is  suspended  so  that  it  can  move,  and  the 
north  pole  of  the  magnet,  M,  is  brought  up  close  to  it,  then  the 
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wire  will  tend  to  pass  across  the  face  of  the  magnet.  If  the 
other  pole  of  the  magnet  is  placed  near  the  wire  the  movement 
will  be  in  the  opposite  direction,  or,  if  the  same  pole  of  the 
magnet  is  left  in  position,  but  the  direction  of  the  current  in 
the  wire  is  changed,  then  the  wire  will  tend  to  move  in  the 
opposite  direction.  Changing  either  the  direction  of  the  cur- 
rent or  the  pole  of  the  magnet  produces  a  reversal  in  the 
direction  of  motion  of  the  wire  ;  if  both  the  current  and  the 
pole  are  changed,  however,  the  wire  continues  to  move  in  the 
same  direction. 

The  same  condition  will  hold  if  the  magnet  is  replaced  by  a 
soft  iron  or  steel  rod,  on  which  are  wound  a  number  of  turns  of 
insulated  wire  carrying  an  electric  current,  as  this  rod  will  be- 
come a  magnet,  one  end  of  which  will  be  a  north  pole  and  the 
other,  a  south  pole.  The  strength  of  the  magnet  and  also  of 
the  force  acting  on  the  wire,  W,  are  directly  proportional  to 
the  numl)er  of  turns  of  wire  and  the  value  of  the  current  in 
the  coils. 

The  direct-current  motor  of  the  present  is  based  on  the  fore- 
going fundamental  principle.  The  armature,  composed  of 
many  wires  or  coils  connected  to  the  commutator,  the  purpose 
of  which  is  to  allow  the  electric  current  to  pass  from  the  source 
of  power  to  the  armature  coils,  is  the  same  as  the  wire  \V  ; 
and  the  field,  made  up  of  several  turns  of  wire  mounted  on 
iron  or  steel  blocks  symmetrically  placed  with  relation  to 
circumference  of  the  armature,  is  practically  the  magnet  M. 
Since  the  armature  has  many  coils  and  the  field  is  divided  into 
four  or  more  parts,  there  are,  at  any  instant,  many  wires 
which  are  being  attracted  and  many  others  repelled.  The 
force  of  attraction  or  repulsion  varies  according  to  the  dis- 
tance from  the  field  poles,  and  the  torque  or  turning  efifort  of 
the  motor  is  constant.  To  obtain  reverse  rotation,  the  direc- 
tion of  the  current  must  be  changed  in  either  the  armature  or 
field  separately,  but  not  in  both,  as  the  purpose  is  to  change 
the  relative  polarity  of  the  armature  and  the  field. 

The  next  factor  to  consider  in  order  to  appreciate  the  char- 
acteristics of  the  electric  motor  is  the  back,  or  counter,  elec- 
tromotive force. 

Referring  again  to  Fig.  12,  if  the  source  of  power  be  dis- 
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connected  from  the  wire,  W,  and  this  wire  then  is  moved  rap- 
idly across  in  front  of  the  magnet,  or  the  rod  on  which  are 
wound  the  turns  of  wire  carrying  current,  there  will  l)e  gen- 
erated in  this  wire  a  voltage,  which  will  vary  in  value,  directly 
as  the  strength  of  the  magnet  and  the  speed  at  which  the  wire 
moves.  If  the  ends  of  this  wire  are  connected  by  some  ma- 
terial which  is  a  conductor  of  electricity,  current  will  pass 
through  the  wire. 

The  principle  described  in  the  foregoing  discussion 
affects  a  motor  also.  While  the  motor  is  running  the  armature 
coils  are  passing  quickly  by  the  field  poles  and  a  voltage  or 
pressure  in  opposition  to  the  voltage  applied  at  the  terminals 
of  the  motor  is  generated  in  the  armature,  and  opposes  the 
flow  of  electricity  increasingly  as  the  epeed  increases.  This 
counter  voltage  which  thus  is  generated  in  an  electric  motor 
is  called  the  "back  or  counter-electromotive  force" — com- 
monly referred  to  as  "e.  m.  f." 

It  is  this  counter-electromotive  force  (e.m.f.)  that  permits 
the  resistances  which  are  usually  a  part  of  a  circuit,  contain- 
ing a  motor,  to  be  cut  out  as  the  motor  gains  speed.  The  only 
opposition  to  the  current  when  a  motor  is  standing  still  is  pro- 
vided by  the  combined  armature  and  field  resistance,  which  are 
comparatively  small,  and  if  full  voltage  was  applied  to  the 
motor  there  would  be  such  a  rush  of  current  that  the  motor 
would  be  destroyed.  By  inserting  resistance,  however,  of 
such  value  that  the  current  will  not  exceed  a  certain  prede- 
termined amount,  the  motor  can  be  started  slowly  and  the 
generation  this  counter  e.m.f.  begins  at  once.  The  resistance 
can  be  cut  out  step  by  step  until  no  more  is  in  circuit,  at  which 
time  the  speed  is  great  enough  to  produce  a  counter  e.m.f.  of 
such  value  that  the  current  passing  through  the  motor  does 
not  exceed  the  safe  amount.  The  motor  will  still  continue  to 
speed  up,  the  current  gradually  decreasing  and  will  reach  a 
balanced  speed  when  the  difference  between  the  impressed 
voltage  and  the  counter  e.m.f.  generated,  is  a  voltage  sufficient 
to  produce  a  current  through  the  armature,  such  that  the 
product  of  this  current  and  the  field  gives  the  pull  or  turning 
power  necessary  to  do  the  work  required.  It  follows  that  if 
the  field  is  strengthened  the  armature  will  not  have  to  rotate 
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as  rapidly  in  order  to  produce  a  given  counter  e.m.f..  and  vice 
versa.  Increasing  the  field  strength,  therefore,  results  in 
slower  speed,  and  likewise,  when  the  strength  of  the  field  is 
decreased  the  speed  of  the  armature,  in  turn,  increases. 

Types  of  Motors  Used. — The  types  of  motors  used  in  rail- 
way service  today  are,  the  direct-current  series  motor,  the 
alternating-current  single-phase  motor,  the  types  of  which  can 
be  further  divided  into  the  straight  series  type  and  the 
doubly-fed  type  ;  and  the  three-phase  motor.  With  the  ex- 
ception of  the  three-phase,  the  above  types  have  series  motor 
speed  characteristics,  which,  in  general,  are  better  suited  for 
railway  service  than  those  of  the  three-phase  constant  speed. 
There  are  service  conditions,  however,  such  as  those  encoun- 
tered on  the  Norfolk  &  Western,  which  are  especially  favor- 
able to  the  use  of  the  constant-speed  motor. 

The  Series  Motor. — The  series  type  of  motor  receives 
its  name  from  the  method  of  connecting  the  armature  and 
field,  which  are  in  series,  i.e.,  the  impressed  current  passes 
successively  through  the  armature  and  field  coils.  In  Fig.  13 
are  shown  the  diagramatic  connections  as  arranged  for  a 
series  motor. 

For  railroad  work  the  series  motor  is  generall}'  used  since  in 
nearly  every  case  its  characteristics  most  nearly  meet  oj)erat- 


FiG.  13 — Diagrammatic    Connections    of    a    Series    Motor. 

ing  conditions.  In  the  series  motor  the  field  strength  varies 
automatically  with  the  load;  as  the  load  increases,  the  field 
strength  increases,  and  the  result  is  an  increase  of  torque 
with  a  decrease  in  speed.  Within  its  capacity,  therefore,  this 
motor  tends  to  adjust  itself  readily  to  the  varying  tractive 
efifort  required  to  accelerate  a  train  and  to  propel  it  over  the 
difi^erent  curvatures  and  grades  composing  the  railway  right  of 
way. 

Additional   facts   concerning  the   direct-current   motor   are 
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given  in  the  next  chapter  where  a  comparison  is  made  with 
the  alternating-current  single-phase  motor. 

The  Torque  of  a  Series  Motor. — The  torque  of  a  motor 
(derived  from  the  Latin  word  torqucre,  to  twist)  is  the 
pull  which  the  armature  of  the  motor  exerts  when  current  is 
passing  through  the  windings.  The  torque  of  a  motor  ditTers 
from  the  thrust  exerted  by  a  steam  cylinder,  in  that  the  value 
depends  on  the  amount  of  the  working  medium  rather  than  on 
the  pressure.  The  amount  of  current  passing  through  the 
windings  of  a  motor  determines  the  torque,  while  the  pressure 
or  voltage  determines  the  speed  of  rotation.  Although  there 
is  a  certain  relation  between  the  current  and  the  torque, 
there  is  no  practical  formula  for  calculating  this  torque,  as 
other  variables  enter  into  the  problem. 

Electrical  designers,  knowing  the  number  of  turns  of  wire 
on  a  given  armature,  the  number  of  turns  of  wire  around  the 
field  poles,  the  air  gap,  and  other  factors  in  the  design  of 
the  motor  could  calculate  the  torque,  but  for  practical  pur- 
poses the  manufacturers  furnish  a  set  of  curves,  obtained 
by  tests,  and  showing  the  relation  between  the  current  taken 
by  the  motor,  the  torque  delivered,  and  the  revolutions  per 
minute  (r.p.m.). 

The  torque  is  dependent  upon  two  factors  —  the  field 
strength  and  the  ampere-turns  in  the  armature.  Each  varies 
directly  with  the  current  so  that  in  a  motor  whose  field  has 
not  reached  its  saturation  point — the  point  at  which  no  more 
lines  of  force  can  penetrate — the  torque  is  proportional  to  the 
square  of  the  current.  Railway  motors  frequently  operate  at 
the  point  of  saturation,  consequently  the  exact  proportion  does 
not  hold. 

The  Speed  of  a  Series  Motor. — This  motor's  speed  at  a  given 
voltage  depends  on  the  field  strength  and  the  number  of  arma- 
ture conductors.  The  counter  electromotive  force  generated 
in  the  motor  must  equal  the  voltage  applied,  minus  the  volts 
drop  in  the  motor.  The  speed  of  the  armature  is  thus  fixed 
for  any  particular  current,  but  is  not  directly  proportional  to 
the  current.  With  an  increase  in  current  the  drop  in  the 
motor  increases,  tending  to  reduce  the  speed ;  the  increased 
current  also  increases  the  field  strength  and  fewer  revolutions 
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are  required  to  generate  the  back  electromotive  force,  so  in- 
creased current  results  in  decreased  speed. 

The  Induction  Motor. — As  the  induction  motor  is  a  constant- 
field  machine,  the  torque  is  nearly  directly  proportional  to  the 
current.  The  speed  cannot  decrease  with  the  load,  so  that 
large  torque  may  exist  at  high  speed  resulting  in  a  large 
horsepower  output,  requiring  a  large  input  of  power.  The 
three-phase  induction  motor  used  in  railway  work  is  discussed 
at  length  in  Chapter  VIII. 


CHAPTER  VII 

THE  ALTERNATING-CURRENT  SINGLE-PHASE 
MOTOR 

Alternating-current  single-phase  motors  may  be  classified 
according  ta  three  types:  the  series  commutator  type,  the 
doubly-fed  type  and  the  interpole  type.  The  series  commutator 
type  is  that  used  extensively  on  the  N.  Y.,  N.  H.  &  H.  R.  R. 
electric  locomotives,  and  operates  on  both  alternating  and 
direct  current.  The  doubly-fed  motor  is  that  used  on  the 
P.  R.  R.  multiple  unit  cars  operated  over  the  Paoli  Electrifica- 
tion. The  interpole  type  is  a  design  of  single-phase  motor 
which  also  is  now  being  introduced  in  railway  service. 

The  Series  Commutator  Type. — In  the  preceding  chapter  it 
was  pointed  out  that  in  the  case  of  a  simple  motor  (Fig.  12), 
if  either  the  pole  of  the  magnet  or  the  direction  of  the  current 
through  the  wire  was  changed,  the  direction  of  rotation  of  the 
wire  would  be  reversed,  but  that  if  both  were  changed  the  ro- 
tation would  be  in  the  same  direction.  Because  of  this  princi- 
ple it  is  therefore  necessary,  in  order  to  reverse  the  direction 
of  rotation,  to  change  either  the  leads  to  the  armature  or  the 
leads  to  the  fields.  If  the  positive  and  negative  leads  at  the 
terminals  of  the  motor  are  changed,  however,  the  direction  of 
rotation  will  remain  the  same,  as  this  changes  the  direction  of 
the  current  in  both  the  armature  and  the  field  coils. 

Applying  this  reasoning  to  the  case  of  a  direct-current  series 
motor,  it  is  obvious  that  changing  the  connections  at  the 
terminals,  say,  by  means  of  a  switch,  once  a  minute  or  oftener, 
would  have  no  eflfect  on  the  motor's  direction.  And  if,  instead 
of  reversing  the  current  by  means  of  a  switch,  alternating 
current  was  connected  to  the  motor,  it  would  be  logical  to 
expect  the  motor  to  continue  rotation  in  one  direction,  and 
operate  satisfactorily,  since  with  alternating  current,  which 
reverses  in  direction  several  times  a  second,  the  same  condi- 
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tions  would  apply  as  when  changing  the  connections  at  the 
direct-current  terminals  several  times  a  second.  While  this 
theory  is  correct  and  the  motor  will  rotate  in  the  same  direc- 
tion, its  operation  would  not  be  practical,  since  several  con- 
ditions exist  in  the  direct-current  series  motor  when  con- 
nected to  an  alternating-current  circuit,  which  must  be  elim- 
inated before  the  motor  will  work  satisfactorily  and  be  of 
commercial  use. 

In  order  to  know  what  takes  place  it  is  necessary  first  to 
understand  the  winding  of  the  armature  of  the  direct-current 
motor  and  the  connections  to  the  commutator.  In  Fig.  14  is 
shown  the  development  of  the  winding  most  generally  used  in 
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Fig.  \A — Armature  Winding  Direct- 
Current  Railway  Motor. 
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Fig.  15 — Armature  Winding  Single- 
Phase  Railway  Motor. 


railway  work.  From  this  sketch,  it  is  seen  that  starting  with 
one  end  of  the  coil,  A,  connected  to  the  commutator  bar,  a,  the 
other  end  of  the  coil  connects  to  bar,  h;  the  next  coil,  B,  be- 
gins at  bar,  }\  and  ends  at  bar,  c,  and  so  on  around  the  arma- 
ture until  the  last  coil  ends  at  bar,  a,  and  thus  are  all  the  coils 
connected  together.  It  is  also  to  be  noted  that  the  carbon 
brush  is  wider  than  any  one  of  the  commutator  bars,  so  that 
the  brush  is  in  continuous  contact  with  two  at  least,  of  the 
bars.  In  the  position  shown  this  brush  is  in  contact  with  bars, 
b  and  c\  and  thus  connects  together  the  two  ends  of  coil,  B.  As 
the  armature  rotates  therefore,  and  as  each  commutator  bar 
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passes  under  the  brush,  the  ends  of  a  coil  are  momentarily  con- 
nected together  by  what  is  called  a  short  circuit.  As  the  brush 
is  set  exactly  in  the  middle  of  the  pole  face,  this  short  circuit 
exists  when  the  coil  is  directly  under  the  pole  where  it  gets 
the  maximum  elTect  of  the  field. 

Having  explained  the  construction  and  connection  of  the 
coils  of  the  armature,  it  remains  to  be  seen  what  takes  place 
electrically  m  this  direct-current  motor  when  connected  to 
the  alternating  current.  In  order  to  appreciate  fully  the  ef- 
fect, those  principles  of  induction  which  have  been  explained 
in  connection  with  the  theory  of  the  transformer,  should  be  re- 
called, as  these  same  principles  apply  to  the  case  of  a  direct- 
current  series  motor  when  connected  to  alternating-current 
circuits.  There  is  the  pole  on  which  is  wound  the  field  coil 
and  through  which  the  alternating  current  is  passing;  there 
is  alst)  the  armature  co.l  directly  in  front  of  the  i)ole  which  is 
closed  by  the  carbon  brush,  as  explained  and  illustrated  in 
Fig.  14.  There  is,  then,  set  up  in  this  coil  by  induction,  a  local 
current  which  can  reach  a  high  value,  and  is  entirely  inde- 
pendent of  the  current  taken  from  the  supply  circuit  to  do  the 
work  required  of  the  motor.  The  resulting  current  can  be  of 
such  a  value  that  the  motor  would  soon  get  very  hot  and  be 
damaged,  and,  moreover,  the  commutation  would  be  very  bad, 
due  to  the  heavy  current  at  the  brushes. 

In  addition,  there  is  set  up  in  the  armature,  a  series  ol 
alternating  fields.  This  condition,  called  the  self-induction  of 
the  armature,  is  due  to  ihe  alternating  current  from  the  power 
supply  passing  through  the  coils  and  must  be  eliminated  be- 
fore the  motor  can  be  operated  successfully. 

It  is  therefore  necessary  in  order  to  have  the  direct  cur- 
rent series  motor  run  satisfactorily  and  l^e  of  commercial 
use  with  alternating  current,  to  provide  means  for  preventing 
or  else  reducing  to  a  minimum,  the  two  conditions  just  men- 
tioned ;  namely,  the  local  current  in  the  short  circuited  coils, 
and  the  self-induction  of  the  armature.  To  overcome  the 
first  condition,  i.e..  the  large  amount  of  current  in  the  short 
circuited  coil,  there  is  placed  in  the  same  slot  with  each  arma- 
ture coil,  and  connected  in  circuit  with  the  coil,  a  strip  of 
German  silver,  which  has  a  high  resistance.     The  connections 
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are  shown  in  Fig.  15.  From  this  sketch  it  is  seen  that  the 
coils  are  connected  the  same  as  in  Fig.  14,  the  only  difference 
being  that  two  adjacent  coils  are  not  connected  together  at 
the  commutator  but  to  one  end  of  a  resistance,  the  other  end 
of  which  is  connected  to  the  commutator  bar.  When  the 
brush  is  in  contact  with  bars,  h  and  c  as  shown,  coil  B  is 
short  circuited  and  connected  in  series  with  it  are  two  of  the 
German  silver  resistance  bars,  so  that  the  local  current  (due 
to  the  alternating  field  and  the  closed  coil,)  is  limited  to  a 
minimum  and  safe  value  and  good  commutation  can  be  ob- 
tained. The  current  from  the  supply  circuit  passes  through 
the  brush  and  also  through  only  two  resistances  in  addition  to 
the  armature  coils  in  question,  none  of  the  other  resistance 
bars  being  in  circuit  at  a  given  time.  When  the  armature  is 
rotating,  the  brushes  only  short-circuit  one  coil  momentarily, 
so  that  new  resistances  keep  coming  into  the  circuit  and  one 
set  does  not  have  the  current  passing  through  it  continu- 
ously. The  resistance,  therefore,  does  not  become  over- 
heated and  does  not  interfere  with  the  operation  of  the 
motor. 

The  second  condition,  namely,  the  self-induction  of  the 
armature,  is  taken  care  of  by  means  of  a  winding  placed  in 
slots  distributed  around  the  inside  of  the  motor  frame,  the 
arrangement  being  such  that  there  is  an  alternating  field 
opposite  to  that  of  the  self-induction  of  the  armature.  The 
winding  in  these  slots  is  called  the  auxiliary  winding  and  is 
connected  in  series  with  the  armature,  thus  the  same  current 
flows  in  each  so  that  a  field  is  produced  which  is  not  only 
opposite,  but  also  equal  to  the  self-induction.  As  a  re- 
sult of  these  features,  this  motor  operates  as  satisfactorily 
as  a  direct  current  motor.  Instead  of  being  connected  in 
series  with  the  armature,  the  auxiliary  winding  sometimes  is 
short-circuited  on  itself.  The  resultant  efifect  is  the  same,  as 
the  current  induced  in  the  winding  serves  to  ofifset  the  self- 
induction. 

An  example  of  three  poles  of  the  main  field  and  a  part  of 
the  auxiliary  winding  are  shown  in  Fig.  16.  The  arrows  in- 
dicate the  direction  of  the  current  when  the  motor  is  operating 
on   direct    current   and   at   a   particular    instant   when   using 
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alternating  current.  Upon  entering  the  auxiliary  winding,  the 
current  passes  around  the  pole  centres  first,  in  a  counter- 
clockwise direction  and  then  in  a  clockwise  direction.  Instead 
of  being  bunched,  the  windings  are  spaced  over  considerable 
distance.  The  illustration  shows  only  one  main  field  coil  to- 
gether with  a  section  of  the  auxiliary  winding,  but  these 
windings  continue  around  the  frame  of  the  motor. 

The   general   appearance    of   the    armature,   frame,   etc.,   is 
the  same  as  that  of  a  direct-current  motor  and  the  relations 
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Fig.  16 — ^Field  Winding — Single-Phase  Railway  Motor. 


of  torcpie,  speed,   and  current   are   in  general   identical   with 
those  of  the  direct-current  series  motor. 

It  has  been  shown  what  moditications  are  necessary  in  the 
direct-current  series  motor  to  obtain  satisfactory  operation 
on  alternating  current  and  it  is  interesting  to  know  how 
successfully  this  modified  motor  operates  when  using  direct 
current.  The  only  changes  were  the  inserting  of  resistance  in 
the  armature  coils,  and  the  placing  of  an  auxiliary  field  wind- 
ing connected  in  series  with  the  armature.  This  resistance 
in  the  armature  does  not  afTect  the  operation  of  the  motor 


44  RAILROAD     ELECTRIFICATION 

on  direct  current,  and  the  auxiliary  winding  merely  forms 
interpoles,  except  that  the  poles  are  distributed  instead  of 
having  their  coils  located  on  iron  pole  pieces. 

Interpoles. — Interpoles  are  used  to  increase  the  limit  of 
operation  of  the  motors  over  a  wide  range  of  current,  voltage 
and  speed.  They  ars  placed  between  the  main  field  poles, 
and  consist  generally  of  small  field  poles,  of  which  the  wind- 
ings are  connected  in  series  with  the  armature. 

It  has  been  only  a  few  years  since  interpoles  were  first 
used,  but  now  they  are  very  common  and  are  used  exten- 
sively on  motors  for  machine  tools,  elevators,  presses,  etc., 
and  in  other  service  where  a  wide  range  of  speed  may  be 
required. 

A  motor  can  be  built  to  suit  almost  any  condition  of  service, 
but  an}^  great  change  from  this  makes  what  is  called  an  un- 
stable condition,  and  the  motor  will  flash.  In  machine  tool 
practice  where  many  speeds  covering  a  wide  range  are  re- 
quired for  one  machine,  the  interpole  motor  is  essential  for 
satisfactory  operation.  The  interpole  has  also  been  embodied 
in  the  railway  motor  for  street  cars,  multiple-unit  trains,  and 
electric  locomotives. 

Almost  all  of  the  difficulty  and  trouble,  due  to  what  are 
called  surges,  is  avoided  by  the  application  of  the  interpole 
to  the  railway  motor.  A  surge  is  a  higher  voltage  than 
normal  which  travels  momentarily  and  with  decreasing  power 
for  some  distance  from  the  point  where  it  is  generated.  It 
may  be  due  to  many  causes,  among  the  most  common  of 
which  may  be  mentioned  the  sudden  throwing-ofif  of  the 
power  from  the  train,  the  "bucking-over"  of  a  motor,  and 
a  flash  from  the  conductor  to  ground.  A  surge  is  analogous 
to  the  pound  in  a  water  pipe  which  occurs  when  a  valve  is 
suddenly  closed.  This  momentary  rise  in  voltage,  amount- 
ing perhaps  to  twice  the  conductor  voltage,  will  be  im- 
pressed on  all  the  motors  in  the  vicinity  of  the  trouble,  and 
will  probably  cause  many  motors  to  "buck-over."  A  motor 
having  interpoles  will  last  longer  and  will  require  less  atten- 
tion and  repairs,  than  one  which  is  not  so  equipped. 

The  Alternating-Current,  Doubly-Fed  Motor. — During  the 
past  few  years  the  doubly-fed,  single-phase  motor  has  been 
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developed.  In  this  motor  the  resistance  leads  in  the  armature 
are  omitted  and  the  armature  and  fields  are  not  connected 
permanently  in  series.  The  motor  starts  as  a  repulsion  motor 
with  the  armature  short-circuited,  and  then  operates  as  a 
doubly-fed  series  motor. 

This  motor  has  certain  advantages  over  the  straight  single- 
phase  motor.  First,  since  the  resistance  leads  are  eliminated, 
the  armature  is  simplified  slightly;  second,  a  higher  alter- 
nating-current voltage  can  be  used  on  the  motor  with  a  de- 
crease in  the  current  for  the  same  motor  capacity  ;  third,  the 
switching  arrangement  for  the  control  of  the  motor  is  sim- 
plified and  less  expensive.  A  diagram  of  connections  is  shown 
in  Fig.  17. 

The  motor  has  an  auxiliary  field  winding,  or  cross-field 
winding  as  it  is  sometimes  called,  which  is  similar  to  that  of 
the  single-phase  motor  previously  described,  but  is  connected 
differently.  The  cross-field  winding  has  twice  as  many  ef- 
fective turns  as  the  armature,  and  the  action  of  this  winding 
Secondary- Main  Transformer 


Auxiliary  or  Cross 
Fielding  Winding 


Armafure 


Main  or  Torque 
Field  Winding 


Fig.  17 — Diagram  of  Connections   for  an  Alternating- 
Current,  Doubly-Fed  Railway  Motor. 

and  the  armature  winding  is  similar  to  that  of  a  transformer. 
If  the  magnetizing  current  is  neglected,  then  the  total  num- 
ber of  ampere  turns  in  each  winding  must  be  equal  and  op- 
posite. Consequently,  the  current  in  the  auxiliary  winding 
will  be  only  one-half  as  large  as  that  in  the  armature.  Re- 
ferring to  Fig.  17,  assume,  for  example,  that  the  voltage 
across   AC.   the    secondarv    of    the    main    transformer,    is   300 
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volts  and  due  to  certain  load  conditions,  there  are  1100  am- 
peres, flowing  through  the  armature,  The  effective  motor 
voltage  depends  on  the  position  of  the  tap,  B.  If  this  tap,  B, 
was  connected  at  C,  then  the  voltage  across  the  auxiliary 
winding  would  be  300  volts  and  due  to  the  transformer  re- 
lation between  this  winding  and  the  armature  winding,  the 
voltage  induced  in  the  armature  and  torque  field  winding 
would  be  150  volts.     Since  the  ampere-turns  must  be  equal. 


Main  Field 


\  \  I   L 


>'     1'    w     v 


Inferpole 


M   I    iti   i~r~r 


,.     ii     ,,     ,^    A    A 


I       I       I 


"    "     "     " 


Auxiliary  Winding 

Fig.  18 — Field  Winding — ^Interpole,  Single-Phase 
Railway  Motor. 

there  will  be  flowing  in  the  auxiliary  winding  550  amperes  in 
the  opposite  direction  to  the  current  in  the  torque  field  so 
that  the  tap,  B,  is  only  carrying  550  amperes.  If  tap,  B,  was 
connected  at  A,  then  300  volts  are  connected  across  the 
armature  and  torque  field  and  under  the  same  load  conditions 
of  1100  amperes  flowing  through  the  armature,  there  would 
be  550  amperes  in  the  opposite  direction  as  before,  flowing 
through  the  auxiliary  windings  resulting  in  550  amperes  in 
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tap,  B.  Moving  the  lead,  B,  gradually  from  a  point  on  the 
transformer  winding  near  C  towards  A,  the  effective  motor 
voltage  can  be  changed  from  approximately  150  to  approxi- 
mately 300  volts.  Here,  then,  is  a  means  for  controlling  the 
speed  of  the  motor  by  switching  only  one-half  of  the  arma- 
ture current. 

The  Alternating-Current,  Interpole  Motor. — During  the 
past  few  years,  progress  has  been  made  in  the  design  of 
single-phase  motors,  the  latest  type  of  single-phase  railway 
motors  being  known  as  the  series-interpole  type. 

In  this  motor  there  are  three  fields :  the  main  field,  the  aux- 
iliary field,  and  the  interpole  field.  The  arrangement  of  wind- 
ings around  the  frame  is  somewhat  like  that  of  the  original 
single-phase  motor  illustrated  in  Fig.  16,  except  that  the  third 
or  interpole  field  is  located  as  shown  in  Fig.  18.  The  interpole 
fields  are  located  between  the  main  fields  and  are  connected  to 
give  alternate  positive  and  negative  poles  as  in  any  motor. 

This  type  of  single-phase  motor  has  an  advantage  over  the 
doubly-fed  motor,  in  that  it  has  interpoles  in  addition  to  the 
distributed   auxiliary   winding.      These    interpoles   accomplish 
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Auxiliary 
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Main       liiferpole 


Armature 


Res /stance 
Inductance 


Fig.  19 — Diagram  of  Connections   for   Single-Phase 
Interpole   Railway  Motor. 


the  same  result  as  the  interpoles  in  direct-current  motors, 
i.  e.,  an  improvement  in  commutation  which  results  in  a  re- 
duction of  weight  for  a  given  horsepower.  At  the  same  time, 
the  interpoles  applied  to  the  alternating-current  single-phase 
railway  motor  improve  the  power  factor.  Moreover,  it  is 
])(jssible  to  vary  the  design  of  the  interpoles  over  a  wide 
range  to  accomplish  or  meet  any  particular  operating  con- 
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dition.  It  is  possible  with  a  fixed  interpole  coil  to  vary  the 
strength  and  its  effect  on  the  motor  operation  by  shunting 
the  interpole  coils  with  a  resistance  or  an  inductance.  Due 
to  this  interpole  flexibility,  the  motor  lends  itself  to  regene- 
ration. These  principles  are  illustrated  by  the  simple  dia- 
gram of  connections  shown  in  Fig.  19. 


CHAPTER  VIII 

THE  THREE-PHASE  MOTOR 

The  three-phase  induction  motor  is  somewhat  dif- 
ferent from  the  other  types.  There  are  no  electrical  connec- 
tions between  the  armature,  or  rotor  as  it  is  called,  and  the 
windings  on  the  frame  or  "stator."  The  rotation  is  caused 
by  induction  and  depends  on  Lenz's  Law  which  in  substance 
is  as  follows  : — -If  a  magnet  or  field  is  passed  near  a  coil  of 
wire  there  is  induced  in  this  coil  a  current  which  exerts  a 
drag  on  the  magnet  or  field  tending  to  pull  the  same  back.  It 
is  this  induced  current  which  causes  the  motor  to  operate, 
hence  the  name,  induction  motor. 

Although  the  stator  windings  are  evenly  distributed  around 
the  frame,  they  are  grouped  electrically  into  a  certain  number 
of  sets,  according  to  the  number  of  poles  of  the  machine. 
The  scheme  of  connections  for  the  stator  of  a  four-pole, 
three-phase  induction  motor  is  shown  in  Fig  20.  Around  the 
stator  there  are  twelve  groups — one  group  per  pole  for  each 
phase — each  consisting  of  six  coils. 

Unlike  direct  current,  alternating  current  does  not  have  a 
constant  value,  but  changes.  Starting  at  a  value  of  zero  it 
reaches  a  maximum,  then  decreases  to  zero  again,  and  re- 
verses to  another  maximum  and  back  to  zero,  all  of  which 
takes  place  during  a  fraction  of  a  second.  This  complete 
series  of  changes  from  zero  back  to  zero  is  called  a  cycle,  and 
a  25-cycle  current  is  onfe  in  w^hich  there  are  25  of  these  cycles 
per  second.  The  action  is  similar  to  what  takes  place  in  the 
cylinders  of  a  locomotive  where  the  steam  pushes  the  piston 
with  varying  force  which  is  zero  at  points  of  reversal  or  ends 
of  the  strokes. 

In  a  three-phase  circuit  the  current  is  not  a  maximum  in  all 
three  phases  at  one  time,  but  at  dififerent  times,  and  is  similar 
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5^0  tlj^j/ cranks  on  an  engine   shaft  120  degrees  apart,  each 
^  •    cc)A.^ted  to  double-acting  cylinders.     Applying  this  fact  re- 

■  ^^^  ^^'^^ing  three-phase  alternating  current  to  Fig.  20,  there  are 
i^  cVlJ^^  ^  certain  time,  four-poles  or  fields,  the  centers  of  which 
are  under  the  groups  0,  a,  a,  a,  when  the  current  in  phase.  A, 
is  a  maximum.    This  corresponds  to  one  of  the  three  cranks. 


Fig.  20 — Winding    of     Stator    for    Three-Phase 
Induction  Motor. 


exerting  its  maximum  thrust.  Due  to  the  change  of  value 
of  the  current  in  the  diiTerent  phases  in  the  next  fraction  of  a 
second,  the   centers  of  the   poles  have  moved  under  groups 

b,  b,  b,  h,  as  the  current  in  B  phase  increases  and  that  in  phase 
A  diminishes,  which  corresponds  to  the  No.  1  crank  passing 
by  the  point  of  maximum  thrust  and  No.  2  crank  coming  into 
the  same  position.     The  centers  of  the  i^oles  Avill  next  be  at 

c,  c,  c,  c;  and  due  to  the  reversal  will  next  be  at  a,  a,  a,  a, 
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again,  and  will  continue  around  the  stater  winding,  keeping 
the  same  distances  apart. 

The  speed  at  which  this  electrical  rotation  takes  place  in 
revolutions  per  minute  depends  on  the  number  of  poles  of  the 
motor,  and  on  the  number  of  cycles  per  second,  or  frequency, 
of  the  alternating  current.  The  revolving  field  passing  by  the 
coils  on  the  rotor,  induces  a  current  in  them  tending  to  stop 
this  rotation  of  the  field  or  poles.  As  the  poles  cannot  stop, 
and  the  stator  winding  cannot  move,  the  rotor  is  dragged 
along.  When  the  motor  is  not  doing  any  work,  the  speed  of 
rotation  of  the  rotor  will  be  the  same  as  the  speed  of  the 
held  or  poles  around  the  stator. 

The  formula  for  obtaining  this  speed  is.- 

2  f  60 
rev.  per  min.  = 

P 
where  f  =  frequency  of  the  circuit  (cycles  per  second,) 

p  =  number  of  poles. 
When  load  is  put  on  the  motor,  the  rotor  does  not  maintain 
the  speed  at  which  the  field  rotates  in  the  stator,  which  speed 
remains  constant  for  constant  frequency  of  the  current,  and 
this  difiference  in  the  two  speeds  is  called  the  "slip."  The'  slip, 
starting  torque,  and  current  taken  from  the  supply  circuit.' 
depend  on  the  resistance  of  the  rotor ;  the  slip  and  the  start- 
ing torque  are  directly  proportional,  while  the  current  is  in- 
versely proportional  within  the  limit  of  maximum  torque 
obtainable  from  the  motor. 

The  rotor  of  an  induction  motor  can  be  designed  with  a  very 
low  resistance  so  that  there  is  very  little  slip  between  no  load 
and  full  load,  and  when  designed  in  this  manner  the  motor  is 
called  a  constant-speed  induction  motor.  This  type  is  used 
where  the  power  required  is  nearly  constant,  and  where  con- 
tnuious  service  is  necessary,  such  as  for  driving  shafting, 
drills,  blowers,  compressors,  circular  saws,  etc. 

Resistances  of  various  steps  can  be  inserted  in  the  rotor  by 
connecting  its  windings  to  three  small  rings  pressed  on  the 
motor  shatt  just  inside  the  bearing,  and  providing  brushes 
which  press  on  these  rings  so  that  the  induced  currents  can  be' 
drawn  off  and  passed  through  the  desired  resistances.     Dif- 
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ferent  speeds  can  be  obtained  by  designing  a  resistance  having 
different  steps,  as  there  will  be  a  different  speed  of  the  motor 
corresponding  to  each  resistance.  Moreover,  the  stator  winding 
can  be  so  arranged  that  a  fewer  number  of  poles  is  obtained. 
For*  instance,  with  an  8-pole  motor  the  windings  can  be 
grouped  to  form  4  poles  and  the  speed  will  be  twice  that  for 
8  poles. 

A  small  induction  motor  can  be  connected  direct  to  the  line 
without  trouble,  but  when  starting  a  large  motor  the  method 
of  inserting  resistance  in  the  rotor  is  used,  as  otherwise  a 
great  amount  of  current  would  be  required.  Motors  having 
external  resistance  are  used  where  frequent  starts  are  made 
and  where  the  power  or  speed  required  at  the  machine  varies 
greatly.  In  railway  service,  a  variable  speed  for  starting 
is  necessary,  so  that  the  resistance  connected  in  the  rotor 
circuit  is  cut  out  step  by  step  as  the  speed  increases  until 
synchronous  speed  is  reached.  To  give  greater  flexibility  of 
operation,  the  control  apparatus  is  arranged  so  that  the 
number  of  poles  of  the  stator  can  be  changed. 


CHAPTER  IX 


RAILWAY  MOTOR  CHARACTERISTIC  CURVES 
—HOW  TO  READ  THEM 

As  pointed  out  in  the  previous  chapter,  there  is  a  relation 
between  the  torque  delivered  by  the  motor  and  the  current 
used.  The  design  of  the  motor  determines  what  this  relation 
is,  and  it  can  be  calculated,  knowing  the  number  of  turns  in 
the  field  and  armature,  the  amount  of  iron,  air  gap,  etc.   How- 
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Fig.  21 — Characteristic    Curves    of    a    Direct-Current 
Locomotive. 

ever,  in  order  to  provide  a  ready  means  for  one  to  calculate 
the  tractive  effort,  or  to  determine  the  performance  of  an  elec- 
tric locomotive,  a  set  of  curves  are  drawn,  known  as  the  char- 
acteristic curves  of  the  motor.  These  characteristic  curves 
show  the  relation  betwen  the  current,  the  torque,  and  the 
speed.  By  applying  the  gear  ratio  (if  gears  are  used)  and 
the  wheel  diameter,  this  data  is  then  used  in  constructing  a 
set  of  curves  for  the  complete  locomotive,  the  total  torque  of 
the  motors  being  converted  into  tractive-effort  at  the  wheels 
and  the  speed  into  miles  per  hour.    A  set  of  these  character- 
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istic  curves  for  a  direct-current  locomotive  intended  to 
operate  on  2400  volts,  is  shown  in  Fig.  21. 

Direct-Current  Motor  Curves. — It  will  be  noted  that  all  of 
the  curves,  namely :  efficiency,  miles  per  hour,  brake  horse- 
power, and  tractive  effort,  are  plotted  as  ordinates  with  the 
current  as  a  base.  This  arrangement  is  especially  convenient, 
since  it  provides  a  means  by  which  the  speed,  tractive  effort, 
etc.,  can  be  easily  determined  for  any  change  of  load. 

How  to  Read  the  Curve. — To  show  how  a  set  of  curves  is 
used  it  may  be  assumed  that  the  locomotive  under  consid- 
eration (Fig.  21)  is  used  for  freight  service,  that  it  is  equipped 
with  four  motors  geared  to  62-in.  drivers  and  is  hauling  a  load 
up  a  grade  at  the  rate  of  11.5  miles  an  hour. 

We  desire  to  know: 

(a)  How  much  current  is  taken  from  the  line. 

(b)  Pounds  tractive  effort  being  exerted  by  locomotive. 

(c)  At  what  efficiency  the  locomotive  is  operating. 

(d)  What  brake  horsepower  is  being  exerted. 

(e)  How  long  the  locomotive  could  run  under  these  condi- 
tions without  more  than  60  degrees  C.  rise  when  start- 
ing at  an  initial  temperature  of  25  degrees  C. 

(f)  If  the  locomotive  had  already  reached  a  constant  tem- 
perature rise  of  60  degrees  C,  how  long  could  this  work 
be  handled  before  an  additional  rise  of  20  degrees  C. 
would  be  exceeded, 

Referring  now  to  the  characteristic  curves  (Fig.  21),  the 
information  is  obtained  in  the  following  manner : 

(a)  Starting  at  point.  A,  corresponding  to  11^  miles  an 
hour,  follow  the  horizontal  dotted  line  to  the  point  where  it 
cuts  the  speed — M.P.H — curve  at  point,  B.  From  the  point, 
B,  which  is  the  liyz-mWe  point  on  the  speed  curve,  it  is  neces- 
sary to  follow  downward  on  the  vertical  dotted  line  to  the 
ampere  scale  at  point,  C,  which  corresponds  to  780  amperes, 
the  current  taken  by  the  locomotive  from  the  2400-volt  supply. 

(b)  The  pounds-tractive  effort  corresponding  to  the  current 
taken  is  found  by  projecting  the  point  D — where  the  vertical 
line,  BC,  cuts  the  tractive-effort  curve — ^horizontally  to  the 
point  E,  which  corresponds  to  72,000  lb.  on  the  T.  E.  scale. 

(c)  The  efficiency  at  this  load  is  found  extending  the  line 
BC  until  it  intersects  the  efficiency  curve  at  point  G,  then  pro- 
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ceeding  horizontally  to  the  efficiency  scale  at  point  H,  corre- 
sponding to  an  efficiency  of  88.8  per  cent. 

(d)  The  brake  horsepower  is  obtained  by  projecting  hori- 
zontally the  point  F,  where  the  vertical  line  BC,  extended, 
crosses  the  B.H.P.  curve,  to  the  B.H.P.  scale,  at  point  J.  corre- 
sponding to  2,240  horsepower. 

(e)  The  time  during  which  the  motors  will  stand  this  load 
and  not  have  their  temperature  rise  exceed  60  degrees  C,  is 
obtained  by  projecting  horizontally  the  point  K,  where  the  line 
BC  intersects  the  temperature  curve,  to  point  M,  which  corre- 
sponds to  25  minutes  on  the  time  scale. 

(f)  The  time  during  which  this  rate  of  working  could  be 
maintained  and  an  additional  rise  of  20  degrees  C.  not  be  ex- 
ceeded, after  the  temperature  of  the  motors  had  risen  60  de- 
grees C,  is  determined  by  projecting  point  P — where  BC 
crosses  the  20-degree  temperature  curve — to  the  time  scale 
at  point  R,  which  corresponds  to  4  minutes. 

As  all  of  the  curves  are  drawn  with  current  as  a  base,  a  line 
drawn  vertically  from  any  value  of  current  will  cut  all  of  the 
curves  making  up  the  set,  which  means — assuming  the  volt- 
age as  constant — that  for  a  particular  current,  the  character- 
istics of  the  locomotive  are  fixed  and  can  only  change  with 
change  in  current.    This  also  can  be  illustrated  by  an  example. 

It  might  be  desired  to  know  the  tractive  effort  which  the 
locomotive  is  capable  of  exerting  when  running  at  20  miles  an 
hour.  Referring  to  Fig.  21,  the  point  corresponding  to  20 
miles  an  hour  on  the  M.P.H.  scale,  is  projected  over  to  the 
M.P.H.  curve;  the  intersection  corresponds  to  255  amperes. 
This  vertical  line  meets  the  tractive-effort  curve  at  a  point 
which,  if  projected  to  the  right,  corresponds  to  14.000  lb. 

As  another  example  it  may  be  assumed  that  the  locomotive 
is  handling  a  load  requiring  40,000  lb.  tractive-effort  and  the 
speed  at  which  the  train  will  operate  is  desired.  First,  the 
point  corresponding  to  40.000  lb.  on  the  tractive-effort  scale  is 
found  and  projected  over  horizontally  to  the  tractive-effort 
curve,  then  vertically  to  the  M.P.H.  curve,  then  to  the  M.P.H. 
scale,  which  shows  that  the  speed  will  be  13}4  miles  an  hour. 

The  Single-Phase  Series  Motor  Curves. — \Miile  the  charac- 
teristic curves  of  the  single-phase,  the  doubly-fed,  and  the 
three-phase  locomotives  are  different  from  those  of  the  direct- 
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current  locomotive,  still  they  are  all  plotted  in  the  same  man- 
ner and  the  preceding  descriptions  of  their  interpretation  ap- 
ply to  each.  Often  the  characteristic  curves  are  given  for 
only  one  of  the  motors,  of  which  there  are  several  per  locomo- 
tive. This  practice  is  illustrated  l)y  Fig.  22,  which  shows  the 
characteristic    curves    of    a    single-phase    series    motor.     The 
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Fig.  22 — Characteristic    Curves    of    a    Single-Phase 
Series  Motor. 

torque  and  r.p.m.  curves  of  the  motor  have  been  converted  into 
the  tractive  effort  and  speed  corresponding  to  the  gear  reduc- 
tion and  wheel  diameter  of  the  locomotive.  To  obtain  the 
performance  of  the  complete  locomotive  it  is  only  necessary 
to  know  the  number  of  motors  and  multiply  the  current, 
tractive-effort,  and  brake  horsepower  by  the  number  of  mo- 
tors. The  M.P.H.  curves  will  not  change,  as  all  the  motors 
are  geared  alike. 

It  v/ill  be  noted  that  speed  curves  are  shown  for  several 
different  voltages.  Generally,  if  not  always,  with  a  single- 
phase  locomotive  it  is  possible  to  apply  several  different  volt- 
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ages  to  the  motors  and  variations  in  speed  are  obtained  by  the 
use  of  successive  voltage  taps.  Since  every  tap  is  a  running 
position,  it  is  customary  to  show  the  speeds  at  the  different 
voltages,  so  that  the  performance  of  the  locomotive  can  be 
determined  for  any  speed. 

The  Single-Phase  Doubly-Fed  Motor  Curves. — The  charac- 
teristic curves  of  the  doubly-fed  single-phase  motor  are  shown 
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Armafure  Amperes. 
Fig.  23 — Characteristic  Curves  of  a  Doubly-Fed 
Single-Phase  Motor. 

in  Fig.  23.  It  should  be  noted  that  there  are  special  tractive- 
effort  and  speed  curves  for  the  motor  when  operating  as  a  re- 
pulsion motor,  which  is  the  arrangement  when  starting.  It  is 
necessary  therefore  first  to  use  these  curves  and  then  to  con- 
tinue with  the  other — "doubly-fed" — set,  after  a  certain  speed 
has  been  reached. 

The  Three-Phase  and  Split-Phase  Motor  Curves.— The  char- 
acteristic curves  of  a  three-phase  or  split-phase  locomotive 
are  shown  in  Fig.  24.  By  the  expression  "split-phase."  is  meant 
equipment  similar  to  that  in  u^c  on  the  Norfolk  &  Western 


58 


RAILROAD     ELECTRIFICATION 


[vailroad.  Current  is  taken  from  only  one  overhead  wire  and 
thus  is  single-phase  current,  but  is  changed  to  three-phase  on 
the  locomotive  itself  so  that  three-phase  motors  giving  the 
constant  speed  characteristic,  are  used. 

Two  sets  of  curves  are  shown,  as  the  motors  are  gicnerally 
M)  designed  that  the  number  of  poles  can  be  changed,  that  is, 
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24 — Characteristic    Curves   of   a   Three-Phase 
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the  motors  may  be  operated  as  4-pole  machines  or  as  8-pole 
machines.  The  rotation  of  the  armature  is  twice  as  rapid, 
hence  the  speed  of  the  locomotive  is  twice  as  great  with  the 
4-pole  combination  as  with  the  8-pole  combination.  The  loco- 
motive in  question  has,  therefore,  two  constant  speeds :  one, 
approximately  14  m.p.h..  the  other,  approximately  28  m.p.h. 
The  various  curves  bear  the  same  relation,  so  that  the  prob- 
leins  set  forth  on  the  preceding  pages  can  be  applied  to  these 
curves  also. 


CHAPTER  X 
MOTOR  COMBINATIONS  FOR  SPEED  CONTROL 

In  the  case  of  the  characteristic  curves  of  the  direct-current 
locomotive,  -which  were  discussed  in  the  previous  chapter, 
only  one  speed  curve  is  shown,  the  speed  of  the  locomotive  in 
the  final  running  position  when  the  maximum  voltage  is  coii- 
nected  across  the  motors.  This  set  of  curves,  however,  must 
be  supplemented  by  others  showing  the  locomotive  character- 
istics for  the  various  motor  combinations  which  are  used  in 
controlling  the  speed  of  the  locomotive  during  acceleration. 
An  electric  locomotive  could  be  driven  by  a  single  motor,  but 
in  actual  practice  a  multiple  number  of  motors  are  used. 
There  may  be  any  number,  from  two  very  large  motors — as 
in  the  case  of  the  Pennsylvania  side-rod  electric  locomotives — 
up  to  12  motors,  as  in  the  case  of  the  latest  types  of  the 
Chicago.  Alilwaukee  &  St.  Paul  locomotives. 

Series- Parallel  Connections. — \\'ith  a  number  of  motors 
available  it  is  possible  to  arrange  them  according  to  ditferent 
group  combinations.  They  can  be  grouped  in  series  so  that 
the  current  which  flows  through  the  armature  and  field  of  the 
No.  1  motor  also  flows  through  the  armature  and  field  of  the 
No.  2  motor,  and  so  on  to  the  No.  3  and  to  the  No.  4  motor. 
When  these  motors  are  connected  in  parallel  they  are  con- 
nected side  by  side,  so  to  speak,  and  the  current  which  flows 
through  the  No.  1  motor  does  not  pass  through  the  No.  2 
motor,  but  each  motor  is  so  connected  that  it  receives  the  full 
voltage  of  the  line. 

In  the  case  of  a  four-motor  direct-current  locomotive,  there 
is  usually  a  combination  midway  between  the  series  and  the 
parallel.  The  four  motors  are  arranged  in  two  sets  of  two 
motors,  each  connected  in  parallel,  and  the  two  sets  in  series. 

These  coml)inations  for  a  600-volt  locomotive  are  shown  in 
Fig.  25.     The  upper  group  illustrates  the  series  connections; 
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the  middle  group,  the  series-parallel;  and  the  lowest  group, 
the  full  parallel.  These  three  combinations  give  three  speeds, 
namely,  one-quarter,  one-half,  and  full  speed. 

In  the  series  connection  the  voltage  across  each  motor  is 
only  150  volts,  and  as  the  number  of  revolutions  a  minute  de- 
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Fig.  25 — Motor  Connections  for  a  600- Volt  Locomotive. 


pends  on  the  voltage,  the  speed  will  be  only  one-quarter  what 
it  is  with  600  volts  across  each  motor;  in  the  series  parallel 
connection  the  voltage  across  the  motors  is  300  volts,  and 
hence  one-half  speed  is  obtained. 

With  the  12  motors  previously  mentioned  as  equipment  for 
locomotives  operating  on  3000  volts,  four  speeds  are  obtained 
by  changing   the   groupings   of   the   motors.     Owing   to   the 
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high  voltage,  each  motor  is  not  capable  of  operating  with  the 
full  pressure  across  its  terminals,  so  that  for  full-speed  opera- 
tion three  motors  are  connected  in  series,  with  1000  volts 
across  each  motor.  Other  combinations  are  made  with  twelve 
motors  in  series,  six  motors  and  four  motors  in  series,  to  ob- 
tain one-quarter,  one-half,  three-quarters  and  full  speed. 

Field  Control. — There  is  another  method  of  securing  addi- 
tional speed  control  and  more  efficient  operation  with  direct- 
current  electric  locomotives.  This  method  is  known  as  field 
control,  and  regulates  the  speed  of  the  motor  by  varying  the 
effective  field  turns. 

The  field  control  motor  has  two  sets  of  field  windings.  In 
large  motors  these  windings  are  separate,  but  in  smaller 
motors  there  is  usually  only  one  set  of  field  coils,  each  coil 
being  provided  with  a  tap,  so  that  if  connection  is  made  to  the 
proper  tap  lead  only  the  desired  number  of  field  turns  will  be 
used.    When  starting  the  entire  field  winding  is  in  circuit. 

These  motors  will  deliver  the  same  tractive  effort  with  less 
current  than  is  required  by  the  other  types  of  railway  motors 
described  since  the  required  field  strength  or  ampere  turns  is 
obtained  by  using  a  comparatively  large  number  of  field  turns 
instead  of  allowing  for  high  amperage. 

In  the  case  of  a  series  motor  the  field  strength  determines 
the  speed  so  that  with  a  full  field,  the  speed  will  be  lowest ; 
cutting  out  part  of  the  field  turns  weakens  the  field  strength 
and  the  speed  will  be  proportionately  higher. 

A  great  advantage  of  using  field  control  is  that  many  eco- 
nomical running  speeds  are  available.  To  demonstrate  this, 
the  four-motor  electric  locomotive,  with  the  arrangement  of 
motors  showm  in  Fig.  25.  may  be  taken  as  an  example.  There 
are  only  three  running  speeds,  as  shown,  but  by  making  use 
of  field  control  there  would  be  six  speeds,  two  in  series,  two 
in  series-parallel  and  two  in  parallel,  i.e.,  for  each  grouping 
there  would  be  one  speed  with  the  motors  running  on  full 
field  and  another  with  the  motors  running  on  short  field. 

The  Pennsylvania  electric  locomotives  are  typical  examples 
of  what  can  be  accomplished  by  field  control.  Switching  from 
full  field  to  short  field  is  not  accomplished  in  one  step, 
Init  by  three.  At  the  first  two  steps  resistances  are  placed  in 
l)arallel  with  the  field  and  thus  weaken  it  bv  shunting  some  of 
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the  current ;  the  third  step  cuts  out  half  of  the  field.  From 
full  field  to  short  field,  and  while  the  locomotive  is  exerting 
approximately  20,000  lb.  drawbar  pull,  the  speed  increases  as 
much  as  2)7  per  cent. 

The  characteristic  curves  of  the  field-control  motor  used  on 
the  quill-drive  high-speed  passenger  locomotives  operating  on 
the  C,  M.  &  St.  P.,  are  shown  in  Fig.  26.  The  voltage  at  the 
overhead  wire  is  3000  volts,  so  that  with  six  motors  in  series 
the  drop  across  each  motor  is  500  volts ;  with  three  in  series, 
1000  volts  ;  and  with  two  in  series,  1500  volts.     As  shown  by 
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Fic;.  26 — Characteristic  Curves  of  a  Field  Control  Motor. 

the   curves   there   are   for   each   voltage,  three   speeds   corre- 
sponding to  three  dififerent  values  of  field  strength. 

Alternating-Current  Motor  Combinations. — Speed  control  in 
the  case  of  the  single-phase  Iccomotive  generally  is  not 
effected  by  different  grotipings  of  the  motors,  but  by  chang- 
ing their   voltage.     The   line    voltage   is   "tapped"  in   such   a 
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manner  as  to  provide  fractional  voltages  suitable  for  the 
various  speeds ;  the  motors  remain  connected  in  parallel. 

Cascade  Connections  or  Concatenation. — The  motors  of  a 
three-phase  alternating-current  locomotive  usually  are  oper- 
ated in  parallel.  It  is  impossible  to  connect  in  series  motors 
of  this  type  as  is  done  in  the  case  of  the  direct-current  motor, 
because  the  three-phase  motor  has  no  commutator  and  there 
is  no  connection  between  the  field  and  the  armature.  Varia- 
tions in  speed  are  obtained  by  changing  the  numljer  of  poles 
or  by  what  is  known  as  the  cascade  connection. 

Cascade  control — sometimes  called  tandem  control  or  con- 
catenation, a  word  derived  from  the  Latin  and  meaning 
''chained  together" — recpiires  the  use  of  two  motors  at  least 
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Fig.  27 — The   Cascade   Method  of   Connecting 
Three-Phase  Motors. 

and  these  motors  may  have  the  same  number  of  poles  oi  a 
different  number  of  poles  and  therefore  a  different  number  of 
speeds  and  different  windings.  The  motors  may  be  connected 
together  mechanically,  that  is,  on  the  same  axle  or  on  axles 
connected  together  by  side  rods  ;  or  they  may  be  on  different 
axles.  The  motors  are  said  to  be  in  direct  concatenation 
when  they  tend  to  start  in  the  same  direction,  and  in  differ- 
ential concatenation  when  starting  in  opposite  directions. 

The  electrical  connections  are  substantially  as  shown  in 
Fig.  27.  The  primary,  or  stator,  of  the  first  motor  is  con- 
nected to  the  power  supply,  and  since  there  is  no  electrical 
connection  to  its  rotor,  the  current  is  returned  directly  to  the 
power  house  by  way  of  the  running  rail.  The  secondary,  or 
rotor,  of  this  motor,  is  connected  to  the  primary  of  the 
second  motor  through  the  collector  rings.  The  circuit  of  the 
secondary  of  this  second  motor  is  closed  through  an  adjust- 
able resistance  which  mav  be  a  water  rheostat.     The  induced 
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current  from  the  rotor  of  the  first  machine  passes  through 
the  stator  of  the  second  machine  and  by  connecting  wires 
returns  to  the  first  rotor.  The  induced  current  from  No.  2 
machine  may  be  passed  on  to  a  No.  3  machine,  and  the  same 
performance  repeated. 

The  synchronous  speed  of  an  induction  motor  is  expressed 
by  the  following  formula  : 

,  2f60 

Revolutions  per  minute  ="!■ 

P 
p  =z  number  of  poles  ;  f  =  frequency  in  cycles  per  sec. 
With  the  cascade  or  concatenation  arrangement,  the  sec- 
ondary of  the  second  motor  when  starting,  is  connected 
through  the  full  resistance.  As  the  locomotive  speeds  up,  the 
resistance  is  gradually  cut  out  until  the  secondary  is  finally 
short-circuited. 

With   two   single-speed   motors   it   is   possible   to   get   four 
speeds.     The    speed   of   two   motors   in   direct   concatenation 

2f60 

equals ^  in  which  f  is  the  frequency  in  cycles  per  sec- 

P,  +  P. 
ond,  pi  is  the  number  of  poles  in  the  No.  1  motor,  and  p,  is  the 

number  of  poles  in  the  No.  2  motor.     If  the  motors  are  con- 

2  f  60 

nected  in  diiTerential  concatenation,  the  speed  will  be " 

Pi  —  P2 

As  an  example,  it  may  be  assumed  that  the  No.  1  motor  has 

12  poles.  No.  2  motor  has  4  poles,  and  the  frequency  of  the 

supply  is  25  cycles.     The  four  possible  speeds  will  then  be  : 

CI)   Motor  No.  2  alone  {3)   Motor  No.  1  alone 

25^M20        ^^^  25X120       ^,^ 

=  /50  r.n.m. =  250  r.p.m. 

4  12 

(2)   Motor  1  and  2  in  dififerential     (4)   Motor  1  and  2  direct 
25  X  120  25X120       ,„„  _ 

-^^Zr^=  -^5  r.p.m.  -l2TT-=  ^^'-^  ^-P-"^- 

In  the  case  of  a  locomotive,  with  two  motors  each  having 
the  same  number  of  poles,  the  speed  when  the  motors  are  con- 
nected in  cascade,  is  just  one-half  of  normal,  as  the  denomi- 
nator (jf  the  fractions  would  be  twice  that  for  single  motor. 


CHAPTER  XI 

GENERAL   PRINCIPLES  RELATING  TO  THE 
OPERATION  OF  TRAINS 

In  the  design  and  operation  of  a  system  of  electric  traction 
for  a  steam  railroad  certain  fundamental  and  definite  prob- 
lems are  encountered  by  the  railroad  electrical  engineer  when 
making  provision  for  handling  the  traffic  of  the  road  accord- 
ing to  the  existing  time  tables.  Certain  sizes  and  types  of 
electric  locomotives  must  be  designed  and  built  according  to 
definite  specifications.  A  careful  study  is  made  of  the  operat- 
ing conditions;  the  grades,  curves  and  speeds  are  considered; 
and,  by  calculations  and  graphic  methods,  it  is  possible  accu- 
rately to  specify  the  size  of  locomotives  o'r  cars  required  suc- 
cessfully to  perform  the  service  desired. 

General  Principles. — The  capacity  of  the  electrical  equip- 
ment to  perform  a  given  service  depends  upon  several  factors, 
among  which  the  most  prominent  are  these:  the  profile  of  the 
line,  including  the  grades  and  curves,  the  weights  of  trains  to 
be  operated,  the  number  of  stops  and  their  location,  and  the 
schedule  speed  required. 

It  hardly  requires  mentioning  that  a  line  which  has  heavy 
grades,  sharp  curves,  etc.,  will  require  electrical  equipment  of 
greater  unit  capacity  than  one  having  very  few  grades.  It  is 
also  clear  that  the  greater  the  train  weight  the  greater  the 
capacity  required  for  the  same  speeds. 

The  number  of  stops  and  location  of  these  stops  also  help 
to  determine  the  capacity  of  the  electrical  equipment,  since  the 
larger  the  number  of  stops  for  the  same  schedule  speed,  the 
greater  will  be  the  capacity  required.  More  time  is  consumed 
by  the  greater  number  of  stops,  and  it  is  necessary  to  operate 
at  higher  speeds  between  the  stops,  hence  requiring  greater 
horsepower  in  order  to  maintain  the  same  schedule. 

The  schedule  speed  is  the  distance  in  miles  divided  bv  the 
t(;tal  time  in  hours.    This  must  not  be  confused  with  the  aver- 
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age  running  speed,  which  is  the  distance  in  miles  divided  b_v 
the  actual  running  time  and  does  not  include  the  time  taken 
by  the  stops. 

Tractive  Effort. — The  power  of  a  locomotive  is  applied  at 
the  rim  of  the  driving  v/heels  and  the  weight  of  the  locomo- 
tive for  a  given  pull  must  be  such  that  friction  sufficient  to 
prevent  slipping,  will  exist  between  the  driving  wheels  and 
the  rails.  When  this  condition  of  stability  exists,  the  power 
derived  from  the  electric  motors  is  transmitted  through  the 
mechanical  connections  to  the  rims  of  the  driving  wheels  and 
the  resulting  pull  is  called  tractive  effort. 

The  amount  of  the  tractive  effort,  which  is  usually  ex- 
pressed in  pounds,  has  a  definite  relation  to  the  torque  of  the 
motors,  and  is  affected  by  the  mechanical  connections  between 
the  motors  and  the  drivers.  These  connections  may  consist 
of  gearing,  or  side  rods,  or  a  combination  of  both. 

The  torque  of  the  motor  is  the  pull  at  one  foot  radius  so 
that  the  tractive  effort  (T.E.)  can  be  easily  determined  from 
the  following  formula  when  the  torque  curve  of  the  motor  is 
available :  ^ , 

T.E.  =  TX-5-XRXE 

where  T  =  torque  in  lb. 

D  =  wheel  diameter  in  inches 
R  :=  ratio  of  mechanical  connection 
E  =  efficiency  of  transmission 
If  gearing  is  used  then  the  ratio  of  mechanical  connections  be- 
comes the  quotient  obtained  after  dividing  the  number  of  teeth 
on  the  gear  by  the  numl:)er  of  teeth  on  the  pinion,  and  the 
efficiency  is  the  gear  efficiency.    With  side  rods  as  used  on- the 
Pennsylvania  electric  locomotives,  the  ratio  is  unity,  since  the 
motors  revolve  at  the  same  rate  as  the  drivers. 

The  tractive  effort  of  the  locomotive  is  consumed  in  over- 
coming certain  factors,  namely,  train  resistance,  grade  resist- 
ance, and  resistance  due  to  curves.  Train  resistance  is  the 
force  which  must  be  overcome  in  order  to  maintain  a  constant 
speed  on  a  straight  and  level  track. 

Grade  resistance  is  equivalent  to  the  tractive  effort  neces- 
sary to  overcome  the  force  of  gravity  as  encountered  when  the 
car  or  locomotive  is  operating  over  a  grade.     The  resistance 
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due  to  curves  arises  from  the  tendency  for  the  locomotive  to 
travel  in  a  straight  line.  The  centrifugal  force  which  must  be 
overcome  in  order  to  change  the  direction  of  motion,  causes 
the  wheel  flanges  to  press  against  the  outer  rail  and  develop 
a  frictional  resistance  which  must  be  overcome  by  the  expen- 
diture of  tractive  effort.  To  accelerate  a  train  requires  the 
temporary  expenditure  of  tractive  effort  in  order  to  overcome 
the  existing  state  of  motion. 

Train  Resistance. — Train  resistance  depends  on  a  great 
many  variables  which  make  it  necessary  to  assume  average 
conditions,  and  the  effect  which  these  assumptions  have  on  the 
final  results  of  calculations  depends  largely  on  operating  con- 
ditions. In  the  case  of  rapid  transit  or  local  passenger  serv- 
ice, the  stops  are  often  at  such  close  intervals  that  the  energy 
consumed  during  acceleration  is  a  large  percentage  of  the  total 
consumption.  Inaccuracies  in  train  resistance,  under  these 
conditions,  do  not  affect  appreciably  the  results.  However, 
in  the  case  of  long  runs,  where  the  train  is  accelerated  infre- 
quently, it  is  essential  to  use  values  for  train  resistance  which 
are  correct,  as  the  energy  recjuired  to  overcome  train  resist- 
ance is  then  an  important  part  of  the  total  energy  expended  in 
propelling  the  train. 

The  train  resistance  is  affected  by  the  shape,  Aveight  and 
size  of  the  car  or  locomotive  and  may  be  divided  into  three 
components,  namely,  wind  resistance,  rolling  friction  and 
journal  friction.  Wind  resistance  depends  to  a  degree  not  yet 
determined,  on  the  speed ;  the  values  of  both  rolling  friction 
and  journal  friction  are,  for  all  practical  purposes  considered 
constant,  although  the  energy  consumed  in  overcoming  them 
increases  with  the  speed.  At  the  instant  of  starting,  the  train 
resistance  is  comparatively  high,  depending  on  the  design  of 
the  bearing,  the  wheel  diameter,  and  the  condition  of  the  track. 
A  value  as  high  as  15  to  17  lb.  per  ton  is  probably  reached,  but 
drops  rapidly  to  a  much  lower  value  at  two  to  three  miles  per 
hour  and  then  rises  gradually  as  the  speed  increases.  There 
are  many  empirical  formulae  for  train  resistance  which  agree 
closely  with  actual  tests  which  have  been  made. 

In  working  out  the  speed  time  curve,  which  will  be  ex- 
plained later,  a  constant  value  of  train  resistance  is  assumed 
over  the  period  of  straight-line  acceleration.     Tests  of  train 
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resistance  check  fairly  closely  with  the  empirical  formulae 
and  in  the  working  out  of  problems  the  curves  which  follow — 
Figs.  28,  29  and  30 — will  be  found  accurate  and  will  give  satis- 
factory results.    These  curves  are  conservative  and  do  not  give 
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Fig.  28 — Curves  Showing  Train  Resistance   for  Single  Cars 
Varying  in  Weight  from  25  to  60  Tons. 

as  low  train  resistance  values  as  some  other  curves  based  on 
formulae,  or  as  low  as  the  Berlin-Zossen  tests  made  in  1903. 
These  tests  were  made  in  Germany  with  a  high-speed  electric 
car  of  approximately  103  tons,  operating  over  a  specially  pre- 
pared track  suitable  for  very  high  speeds.  Usually  the  prob- 
lem is  to  determine  motor  capacity,  so  that  these  conservative 
values  of  train  resistance  are  in  the  right  direction. 

Curves  which  are  in  practical  use  daily  and  which  represent 
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average  values  for  train  resistance  of  single  cars  and  of  trains 
are  shown  in  Figs.  28,  29  and  30. 

For  general  use   and  quick  calculations,  the  values   which 
ft)llow.  can  be  used  without  referring  to  the  train  resistance 
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Fig.  29— Train.  Resistance  Curves  for  Train  Weights  Ranging 
from  0  to  400  Tons  and  Speeds  up  to  60  m.p.h. 

curves,  although  the  curves  should  be  used  when  any  compari- 
sons are  to  be  made  or  speed-time  curves  constructed.  Electric 
locomotive  resistance  is  usually  taken  at  15  lb.  per  ton  and  the 
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trailing  load  for  freight  service  at  about  7  lb.  per  ton  up  to  a 
speed  of  30  miles  per  hour.  With  small  light  cars  of  approxi- 
mately 30  tons  weight  a  resistance  of  20  lb.  per  ton  up  to  35 
miles  per  hour  can  be  used,  but  in  the  case  of  heavier  cars — 50 
to  60  tons — 15  lb.  is  suitable  up  to  a  speed  of  35  to  40  miles  per 
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hour,  and  22  lb.  at  speeds  above  40  and  up  to  60  miles  per  hour. 
When  trailer  cars  are  used  in  multiple-unit  trains  then  the 
additional  resistance  all  Avance  for  these  trailer  cars  can  be 
taken  at  12  lb.  per  ton  for  speeds  up  to  50  miles  per  hour  and 
13  lb.  per  ton  from  50  to  60  miles  per  hour. 

Acceleration. — The    rate    at    which    trains    are    accelerated 
varies  greatly.     In  rapid  transit  service,  usually  handled  by 
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multiple-unit  operation,  values  from  1.5  to  2  miles  per  hour 
per  second  are  used.  For  electric  locomotives  in  freight  serv- 
ice, the  acceleration  rate  is  much  lower  and  values  of  0.1  to 
0.2  miles  per  hour  per  second  are  used,  while  in  passenger 
service,  electric  locomotives  accelerate  at  a  rate  of  about  one 
mile  per  hour  per  second. 

The  force  necessary  to  produce  this  acceleration  is  propor- 
tional to  the  product  of  the  mass — weight  divided  by  32.2 — 
and  the  rate  of  the  acceleration,  and  may  be  expressed  in  the 
following  formula : 

WXA 
•         32.2 

where  W  =  weight  of  body  in  lb. 

A  =  rate  of  acceleration  in  feet  per  hour  per  second. 
(The  value,  A,  is  1.47  for  1  mile  per  hour  per 
second  acceleration.) 

Using  one  ton  or  2,000  lb.  in  the  above  formula  and  a  rate 
of  acceleration  of  one  mile  per  hour  per  second  (m.p.h.p.s.)  a 
value  of  91.1  lb.  per  ton  is  obtained.  This  is  the  tractive  effort 
per  ton  required  to  obtain  rectilinear  acceleration  only  and 
does  not  take  into  consideration  the  additional  force  necessary 
to  overcome  the  inertia  of  the  wheels,  armatures  of  motors, 
etc.  A  figure  of  100  lb.  is  used,  therefore,  as  the  total  tractive 
effort  per  ton  to  produce  a  rate  of  acceleration  of  one  mile  per 
hour  per  second. 

For  any  other  rate  of  acceleration  the  value  to  be  used  is 
proportional ;  for  instance,  with  a  rate  of  acceleration  of  }^ 
m.p.h.p.s.,  50  lb.  per  ton  would  be  required,  or  if  1^ 
m.p.h.p.s.,  125  lb.  per  ton.  When  starting  a  train,  the  accelera- 
tion is  usually  rapid,  and  it  is  at  this  time  that  the  greatest 
amount  of  tractive  effort  is  exerted,  but  this  acceleration  grad- 
ually decreases  until  uniform  speed  is  reached  when  the  only 
tractive  effort  required  is  that  necessary  to  overcom.e  train 
resistance. 

Grade  Resistance. — The  grade  resistance  is  the  tractive 
effort  expended  in  lifting  the  car  through  the  vertical  distance 
ascended  by  the  grade.  For  a  1  per  cent  grade  the  force  re- 
quired is  1/100  of  the  car  or  train  weight;  in  terms  of  tons, 
it  is  20  lb.  per  ton,  and  for  any  other  grade,  the  resistance  is 
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directly  proportional.  If,  for  instance,  the  train  is  operating 
on  a  2  per  cent  grade,  40  lb.  per  ton  would  be  used,  or  if  oper- 
ating on  a  0.75  per  cent  grade,  15  lb.  per  ton  would  be  used. 

Curve  Resistance.— The  value  of  curve  resistance  in  terms 
of  degree  of  curvature  is  at  its  best  only  approximate,  as 
there  are  many  factors  such  as  track,  road-bed,  and  speed  of 
train  which  enter  into  and  affect  all  calculations.     A  value  of 
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0.8  lb.  per  ton  per  degree  of  curvature  is  generally  used, 
although  a  figure  as  low  as  0.4  lb.  may  be  taken  when  the  con- 
struction of  the  road-bed  is  of  a  high  order. 

Speed-Time  Curve.— The  movement  of  a  train  can  be  rep- 
resented graphically  by  what  is  known  as  a  speed-time  curve. 
The  usual  train  movement  consists  of  a  series  of  runs,  the 
number  depending  on  the  number  of  stops  which  the  train 
makes  between  two  terminals  of  the  road.  After  each  stop,  the 
train  must  accelerate,  at  first  rapidly  and  then  more  slowly, 
until  a  balanced  speed  is  reached  and  this  speed  is  maintained 
until  a  point  is  reached  when  the  power  is  cut  off  and  the 
train  coasts  until  the  brakes  are  applied  to  bring  the  train 
to  a  standstill  at  the  next  stop.  Each  of  these  cycles 
of  operation  can  be  shown  graphically  by  plotting  speed 
against  time,  as  shown  in  Fig.  3L    Acceleration  is  shown  by 
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the   line  AB  ;  the   constant  speed,  by   BC ;  coasting,  by  CD ; 
braking,  by  DE;  and  the  stop,  by  EF. 

Often  it  is  possible  and  convenient,  where  there  are  a  large 
number  of  stops  to  choose  a  typical  run,  which  will  represent 
an  average  of  the  runs  between  each  of  the  stops  and  therefore 
will  rejiresent  the  conditions  to  be  met  by  the  electrical  equip- 
ment, and  the  curve  in  Fig.  31  could  be  taken  as  typical  for  a 
particular  service  where  the  average  length  of  run,  including 
stop,  is  294  seconds.  When  using  this  typical  example,  some 
grade  must  be  assumed  which  will  represent  the  average  of 
all  the  grades.  Even  if  the  ends  of  the  line  are  at  the  same 
elevation,  energy  is  expended  by  the  train  while  running  over  a 
rolling  country,  since  all  of  the  power  stored  by  lifting  the 
cars  and  locomotive  is  not  available  for  coasting  on  the  down- 
grades. The  equivalent  grade  represents  the  average  grade 
and  is  obtained  as  follows : 

100  X  s 

Equivalent  Grade  = 

•  2  V  T 

(in  per  cent)  ^  /\  ^ 

where  S  ^  sum  of  rises  (in  feet)  in  both  directions 
L  =:  length  round  trip  (in  feet) 

Examples. — The  following  examples  have  been  assumed  to 
show  how  the  various  values  of  train  resistance,  grade  resist- 
ance, etc.,  are  used  and  applied : 

1.  It  is  desired  to  know  the  tractive  efifort  required  to 
propel  a  55-ton  car  up  a  1.23  per  cent,  grade  at  35  miles  per 
hour. 

To  overcome  train  resistance  and  propel  a   55-ton  car  at 
35  miles  per  hour  will  require  13.75  lb.  per  ton  (value  obtained 
by  referring  to  resistance  curves.  Fig.  28). 
55  X  13.75  =  756  lb. 
To  lift  the  car  up  the  grade  will  require 

55  X  (20  X  1.23)  =  1,353  lb.    (see  Grade  Resistance.) 
The  total  tractive  effort  will  then  be 

756  lb. +  1,353  lb.  =  2,109  lb. 

2.  The  required  tractive  effort  if  there  was  a  6  degree  curve 
on  this  grade  is  found  in  the  following  way: 

Assuming  0.8  lb.  per  ton  as  curve  resistance  per  degree  of 
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curvature,  the  tractive  effort  on  account  of  the  curve  would 
be: 

55  X  0.8X6  =  264  lb. 

The  total  tractive  effort  to  overcome  train,  grade,  and 
curve  resistance  will  be : 

2,109  lb.  +  264  lb.  =  2,373  lb. 

3.  The  eft'ect  of  acceleration  is  illustrated  by  assuming  that 
it  is  required  to  accelerate  at  the  rate  of  0.6  m.p.h.p.s.  against 
this  grade  and  curve. 

The  tractive  effort  to  accelerate  at  the  rate  of  0.6  m.p.h.p.s. 
is : 

55  X  60  =  3,300  lb.     (See  subject.  Acceleration.) 

There  will  still  be  required  the  same  tractive  effort  for  the 
grade,  curve,  and  train  resistance  so  that  the  total  tractive 
effort  is : 

2,373  +  3,300  =  5,673  lb. 

Horse-Power. — Sometimes  it  is  interesting  to  know  what 
horsepower  is  being  developed  by  a  locomotive.  This  may  be 
easily  determined  when  the  tractive  effort  and  speed  are 
known.    The  formula  is  : 

Pounds  tractive  effort  X  miles  per  hour. 
H.P.  ^ 
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CHAPTER  XII 

COMPARISON  OF  THE  OPERATING  CHARACTERISTICS 
OF  STEAM  AND  ELECTRIC  LOCOMOTIVES 

Some  of  the  advantages  of  electric  operation  as  compared 
with  steam  operation  of  railways  have  been  touched  upon  in 
Chapter  I.  Electrical  engineers  have  been  required  to  analyze 
service  conditions  very  thoroughly,  and  in  the  comparisons 
made,  the  general  characteristics  and  limitations  of  the  steam 
locomotive  as  viewed  from  the  standpoint  of  the  electrical  en- 
gineer have  been  considered.  When  the  characteristics  of  the 
two  types  of  machines,  namely,  the  electric  and  the  steam 
locomotive,  are  compared,  the  electric  locomotive  is  found  to 
possess  features  which  make  it  superior  for  certain  phases  of 
railway  operation  and  the  benefits  apply  not  only  to  pas- 
senger trains,  but  also  to  the  heaviest  freight  trains. 

Equated  Tonnage  R3.ling. — Loads  assigned  to  a  locomotive 
must  be  of  such  a  maximum  value  that  a  certain  percentage 
of  tractive  efifort  will  be  available  for  possible  starting  under 
maximum  grade  and  load  conditions.  The  locomotive  must  be 
rated  in  terms  of  its  maximum  load  in  tons  for  the  division  or 
divisions  over  which  it  operates,  and  during  the  winter  months 
this  maximum  tonnage  must  be  corrected  for  temperature. 
This  rating  is  called  the  "ccjuated"  tonnage  rating,  and  is  men- 
tioned because  it  corresponds  somewhat  to  the  continuous  rat- 
ing of  the  electric  locomotive,  which  will  be  discussed  later  in 
this  chapter.  In  case  a  load  requiring  greater  tractive  effort 
should  be  imposed  it  would  not  be  possible  for  the  steam  loco- 
motive to  start  this  load,  even  if  the  coefficient  of  friction  was 
raised  by  means  of  sand  blown  under  the  drivers. 

As  the  speed  of  a  steam  locomotive  increases,  the  available 
tractive  effort  decreases  slowly,  until  a  point  is  reached  at 
which  the  boiler  can  no  longer  supply  the  steam  required  by 
the  cylinders  at  full  stroke.  To  attain  higher  speeds  the  cut- 
off must  be  shortened,  ;ind  this  results  in  reducing  still  further 
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tractive  effort.  It  is  evident,  then,  that  the  dimensions  of  the 
cyhnders  and  driving  wheels  do  not  alone  determine  the  avail- 
able tractive  effort,  but  that  the  steaming  capacity  of  the 
boiler  also  enters,  and  a  definite  relation  exists  between  the 
rated  tractive  effort  and  heating  surface  and  grate  area. 

Tractive  Effort  Formula — Steam  Locomotive. — The  steam 
locomotive  consists  of  two  distinct  units,  the  boiler  and  the 
engine,  each  of  which  is  designed  for  the  service  in  which  the 
locomotive  is  to  be  used.  The  boiler  is  limited  in  size,  owing 
to  the  space  available,  ?nd  often  must  be  worked  to  its  limit 
in  order  that  the  required  amount  of  steam  shall  be  generated. 
The  pressure  which  the  boiler  is  able  to  sustain,  and  the  me- 
chanical dimensions  of  the  engine  determine  the  tractive  effort 
available  at  the  drivers.  The  tractive  effort  of  a  simple  loco- 
motive can  be  easily  calculated  from  the  following  formula: 

jp^Q-85PXOXS 
U 
where  1"E  =  rated  tractive  effort  in  pounds  at  the  rim  of  the 
driving  wheels. 
P  =r  boiler  pressure  in  pounds  per  square  inch. 
C  =  diameter  of  cylinder  in  inches. 
S  =  pistcn  stroke  in  inches. 
D  =  driving  wheel  diameter  in  inches. 

It  will  be  noted  that  the  only  variable  in  this  formula  is  the 
boiler  pressure,  so  that  with  full  boiler  pressure  in  the  cylin- 
ders, the  maximum  tractive  effort  is  obtained.  A  steam  loco- 
motive, however,  cannot  work  steam  for  the  full  length  of 
the  stroke,  so  that  the  rated  tractive  effort  as  obtained  from 
the  preceding  formula  will  be  delivered  at  starting  only.  This 
maximum  tractive  effort  corresponds  in  general  to  about  22 
per  cent,  as  the  coefficient  of  friction  between  the  drivers  and 
the  rails,  that  is,  with  this  coefficient,  which  represents  good 
rail  conditions,  a  locomotive  as  generally  designed  has  just 
enough  power  to  slip  the  wheels. 

Tractive  Effort  Formula — Electric  Locomotive. — The  elec- 
tric locomotive  consists  of  a  single  unit.  The  electric  power 
required  for  its  operation  is  transmitted — often  for  several 
miles — over  wires  or  some  other  form  of  conductor,  and  by 
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means  of  control  apparatus,  is  deliyered  to  the  motors.  The 
motors  are  mechanically  connected  to  the  drivers,  and  are 
directly  responsible  for  the  power  which  the  electric  locomo- 
tive delivers  in  the  form  of  tractive  effort. 

The  tractive  effort  of  the  electric  locomotive  depends  on 
the  motors  and  the  manner  in  which  they  are  connected  to  the 
drivers.  As  these  motors  are  usually  all  of  the  same  size  and 
design,  the  total  power  of  the  locomotive  is  a  multiple  of  the 
power  which  one  motor  can  exert.  Knowing  the  electrical 
characteristics  of  each  motor,  it  is  possible  to  determine  the 
total  power  of  the  locomotive. 

The  only  fixed  factor  which  enters  into  the  calculation  of 
the  tractive  effort  is  the  wheel  diameter.  The  force  from  the 
motors,  i.e.,  the  turning  moment  or  torcjue,  is  dependent  vipon 
the  electrical  characteristics  which  vary  with  the  amount  of 
current  taken  by  the  motor. 

The  torcjue  of  the  motor  is  the  pull  which  it  can  exert  at  one 
foot  radius  from  the  center  of  the  armature  shaft,  i.e.,  at  any 
point  in  a  circumference  of  a  circle  24  in.  in  diameter,  from 
which  it  follows  that  the  formula  for  the  tractive  effort  of  an 
electric  locomotive  is : 

„„       T  X  24  X  G  X  gear  efficiency  X  N 

T^= D3<i . 

Where  TE  :=  tractive  effort  in  pounds. 

T  :=   torque  of  motor  in  pounds. 
G  =  number  of  teeth  in  the  gear, 
g  r=^  number  of  teeth  in  the  pinion. 
D  =  diameter  of  the  drivers  in  inches. 
N  :=  number  of  motors. 

This  formula  is  a  general  one  and  considers  gearing  as  the 
mechanical  connection  between  the  motors  and  the  drivers. 
When  gearing  is  used,  the  spe-ed  of  the  driving  axle  is  changed 

cr 

from  that  of  the  motor  shaft  according  to  the  ratio,  _^ .  As 

G 

the  power  is  the  same  cit  the  motor  shaft  and  at  the  driving 

axle,  except  for  the  gear  loss — expressed   in  the   formula  as 
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gear  efficiency — the  torque  at  the  axle  must  increase  according 

G 

to  the  ratio,    — .     Since  the  torque  is  measured  at  one-foot 

cr 

radius,  and  the  tractive  effort  at  the  wheel  treads,  the  tractive 

24 
effort  will  be  to  the  torque  as —    When  side  rods  and  no  in- 

D 

termediate  gearing  are  used,  g  and  G  are  eliminated,  as  is  also 

the  gear  efficiency. 

The  Torque. — The  torque  of  the  motors  of  an  electric  loco- 
motive cannot  be  compared  strictly  with  the  action  of  steam  in 
the  cylinders  of  a  steam  locomotive.  In  the  former  case,  the 
value  of  the  torque,  and  hence  the  tractive  effort,  depends  on 
the  amount  of  current  passing  through  the  motors,  wdiile  the 
resulting  tractive  effort  due  to  steam  depends  on  the  pressure. 
The  amount  of  current  to  the  motors  is  so  controlled  that, 
within  limits,  as  large  a  torque  as  desired  can  be  obtained. 
The  maximum  tractive  effort,  therefore,  is  not  fixed,  and  is 
not  dependent  on  a  maximum  constant  pressure,  as  is  the  case 
with  the  steam  locomotive.  There  is,  however,  a  relation  be- 
tween the  torque  delivered  by  the  motor  and  the  current  used. 
The  design  of  the  motor  determines  what  this  relation  is,  and 
it  can  be  calculated  from  the  number  of  turns  in  the  field, 
armature,  etc.,  but  there  is  no  practical  formula. 

In  order  to  provide  a  ready  means  for  calculating  tractive 
effort  and  the  performance  of  an  electric  locomotive  under 
consideration,  a  set  of  curves  are  drawn,  known  as  the  char- 
acteristic curves.  These  characteristic  curves  show  the  rela- 
tion between  the  current  taken  by  the  motor,  the  torque  de- 
veloped, and  the  speed.  This  data  is  then  used  to  construct 
another  set  of  curves  for  the  complete  locomotive,  so  that  it  is 
possible  to  read  directly  the  total  current  taken  by  the  locomo- 
tive, tractive  effort  in  pounds,  and  the  corresponding  speed  in 
miles  per  hour.  The  tractive  effort  is  obtained  by  the  formula 
given,  and  the  miles  per  hour,  from  the  formula : 

^•^■^-  -        G  X  336 
It  has  been  previously  explained  that  the  tractive  effort  de- 
pends  on  the  amount  of   current  which   passes  through  the 
motors,  this  current  value  being  subject  to  control.     In  addi- 
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tion,  the  large  supply  of  power  at  the  power  house  is  avail- 
able for  developing  the  maximum  power  of  the  electric  loco- 
motive, which,  therefore,  is  not  held  to  a  fixed  condition,  as  is 
the  steam  locomotive  by  the  size  of  its  boiler.  Instead,  it  is 
possible  to  take  advantage  of  extra  adhesion  which  may  be 
natural  or  caused  by  the  application  of  sand,  a  value  as  high 
as  35  per  cent  having  been  obtained.  It  is,  then,  a  question  of 
placing  sufficient  load  on  the  drivers  to  obtain  the  maximum 
drawbar-pull  required. 

It  is  not  possible  to  maintain  this  high  maximum  tractive 
effort  continuously  on  account  of  resultant  damage  to  the 
motors,  but  there  is  a  tractive  efifort  which  can  be  developed 
continuously  without  injury  to  the  locomotive.  This  leads 
up  to  what  is  known  as  the  continuous  and  hourly  ratings,  of 
an  electric  locomotive. 

Continuous  and  Hourly  Rating, — The  equated  tt)nnage  rat- 
ing of  the  steam  locomotive,  which  is  the  tonnage  the  loco- 
motive can  normally  handle  has  been  explained  as  being  de- 
termined by  the  load  handled,  the  profile  of  the  road,  and  the 
temperature  of  the  atmosphere,  low  temperatures  strongly 
affecting  the  rating.  This  rating  corresponds,  as  near^ly  as  the 
two  entirely  different  machines  can  be  compared,  to  the  con- 
tinuous rating  of  the  electric  locomotive.  The  continuous  rat- 
ing is  fixed,  but  is  determined  in  a  different  way  than  the 
equated  tonnage  rating,  which  signifies  the  maximum  load 
that  it  is  safe  to  haul  if  the  train  is  to  be  gotten  over  the  \'oad, 
allowance  being  made  for  a  reduction  in  tractive  effort  due  to 
poor  coal  and  other  factors. 

The  continuous  rating  of  the  electric  locomotive,  however, 
does  not  mean  the  maximum  load  which  the  locomotive  will 
be  able  to  take  over  the  road ;  it  will  pull  a  heavier  train  and 
do  it  on  schedule,  but  this  may  be  accomplished  at  the  expense 
of  overheating  the  motors,  and  the  question  of  whether 
damage  will  result,  depends  on  the  time  the  overload  is  main- 
tained. This  feature  of  electric  locomotive  operation  makes 
necessary  the  use  of  what  is  known  as  the  hourly  rating  which 
is  in  addition  to,  and  higher  than  the  continuous  rating.  The 
hourly  rating  represents  the  tractive  effort  which  could  be 
exerted  for  one  hour  without  overheating  the  motors,  pro- 
vided that  the  locomotive  is  cool  when  the  extra  load  is  ap- 
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plied.    This  rating  does  not  exist  in  steam  locomotive  practice. 

When  working  at  the  high  rating  it  is  obvious  that  the  cur- 
rent drawn  by  the  motors  is  of  comparatively  high  value  and 
it  is  this  current's  heating  effects  that  limit  the  time  during 
which  the  overload  can  be  endured.  The  current,  in  passing 
through  the  motors,  causes  the  fields  and  armatures  to  heat, 
because  of  the  resistance  of  the  conductors.  This  heat  is  con- 
ducted away  by  radiation  through  the  windings  and  the  iron, 
and  thus  the  entire  motor  becomes  heated.  A  certain  constant 
current  through  the  motor  continuously,  will  result  in  a  cer- 
tain temperature  rise  above  the  surrounding  air,  and  the  extent 
of  this  temperature  rise  will  depend  on  the  value  of  the  current. 
While  the  electrical  insulation  used  in  the  motor  will  not  be 
injured  if  occasionally  a  temperature  of  100  degrees  C.  is 
reached  in  service,  the  ratings  of  the  motors  are  for  a  much 
lower  temperature  rise,  namely,  from  60  to  70  degrees  C. 

A  continuous  current  which  will  give  a  temperature  rise  of 
60  degrees  C.  is  the  continuous  current  rating  and  the  tractive 
effort  corresponding  to  this  continuous  current  rating  is  the 
continuous  tractive-effort  rating  of  the  locomotive.  The 
hourly  rating  is  that  higher  current — and  the  tractive-effort  is 
correspondingly  higher — which,  in  one  hour,  causes  the  rise 
of  60  degrees  C. 

Likewise,  there  can  be  an  indefinite  number  of  ratings  for 
for  as  many  intervals  of  time  up  to  the  continuous  time.  It  is 
the  practice,  however,  to  give  only  the  continuous  and  hourly 
ratings,  although  very  much  larger  current  can  be  taken  for  a 
shorter  time  without  exceeding  the  allowable  temperature 
rise,  and  so  it  is  possible  to  rate  the  locomotive  at  a  much 
higher  tractive-effort  for  a  short-time  performance. 

It  is  now  clear  why  it  is  possible  with  an  electric  locomotive 
to  get  a  large  tractive  effort  for  starting  or  for  emergency 
conditions,  and  why  this  same  tractive  effort  cannot  be  used 
continuously.  The  loads  must  be  adjusted  and  regulated;  if  the 
locomotive  is  worked  above  its  continuous  rating  for  short 
periods  it  is  necessary  to  have  coasts,  stops,  layovers,  or  sec- 
tions where  the  current  requirement  is  below  the  continuous 
rating,  so  that  the  average  heating  effect  wall  not  exceed  the 
safe   temperature  rise.     This   is   of  vital  importance   in   the 
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operation  of  the  electric  locomotive,  but  does  not  apply  to  that 
of  the  steam  locomotive,  for  as  long  as  the  boiler  of  the  latter 
has  plenty  of  water,  no  harm  can  be  done  by  operating  con- 
tinuously at  very  high  percentages  of  the  maximum  drawbar- 
pull. 

It  was  mentioned  that  the  equated  tonnage  ratmg  of  the 
steam  locomotive  .could  be  likened  to  the  continuous  rating  of 
the  electric  locomotive.  There  is,  however,  one  important 
point  which  makes  the  two  comparisons  unrelated.  The 
equated  tonnage  rating  cjf  the  steam  locomotive,  being  the 
rating  for  a  particular  division,  varies  with  different  service 
conditions  and,  is  governed  by  the  maximum  grade,  or  by  the 
pull  which  is  required  of  the  locomotive,  so  that  the  load  is 
governed  by  this  maximum  condition.  In  the  case  of  the  elec- 
tric locomotive,  high  tractive  efforts  can  be  exerted  for  short 
periods  of  time  so  that  the  loading  does  not  necessarily  depend 
upon  the  maximum  grade  encountered,  but  upon  the  profile  as 
a  whole.  The  load  will  be  governed  by  the  average  tempera- 
ture of  the  motors,  not  by  what  the  maximum  pull  may  be  for 
5  or  10  minutes.  This  factor  makes  it  possible  to  give  an 
electric  locomotive  a  tonnage  rating  which  is  higher  in  pro- 
portion to  the  weight  on  the  drivers  than  would  be  possible 
for  a  steam  locomotive  operating  over  the  same  profile. 

There  is  one  more  very  important  point  which  should  be 
thoroughly  understood  and  appreciated,  when  considering  the 
electric  locomotive,  and  that  is  the  horsepower  rating.  Horse- 
power is  the  product  of  the  tractive  effort  and  the  speed;  it  is 
a  direct  measure  of  the  locomotive's  capacity  to  do  work. 
Tractive  effort  determines  the  trailing  load  which  can  be 
handled,  but  it  is  the  horsepower  that  is  a  measure  of  the 
hourly  ton  miles.  A  railroad  often  is  not  so  much  concerned  in 
the  maximum  tractive  effort  or  drawbar-pull  which  a  locomo- 
tive can  exert,  as  it  is  in  the  speed  at  which  a  certain  drawbar- 
pull  can  be  developed.  In  respect  to  their  ability  as  regards 
the  latter,  electric  locomotives  excel  steam  locomotives  and 
this  has  been  one  of  the  important  reasons  for  their  adoption 
in  some  cases.  The  maximum  tractive  effort  of  an  electric  lo- 
comotive can  be  sustained  at  speeds  two  or  more  times  those 
at  which  the  steam  locomotive  can  sustain  its  maximum  effort 
and  while  the  electric  machine  is  only  limited  I)y  the  ])ower 
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lost  as  heat  in  the  motors,  the  maximum  power  possible  of 
development  by  the  steam  locomotive  is  a  fixed  quantity. 
Comparison  of  a  Steam  \\rith  an  Electric  Locomotive. — In 

order  that  a  clearer  understanding  may  be  had  concerning 
what  has  been  covered  in  a  foregoing  discussion,  an  actual 
comparison  has  been  made  of  the  tractive  effort  and  the  horse- 
power cf  a  steam  and  an  electric  locomotive  of  equal  weights, 

TABLE  I.— MECHANICAL  CHARACTERISTICS  OF   STEAM   AND  ELECTRIC 
LOCOMOTIVES    FOR    HEAVY    MOUNTAIN    SERVICE 

Characteristics  Steam  Electric 

Whyte's  Classification    4-8-2  4-6-2  —  2-6-4 

Weight — Engine    and    tender •  273.75  tons  266  tons 

Weight— Engine  only 352,000  lb.  532,000  lb. 

Weight— Engine  on  drivers 243,0001b.  330,0001b. 

Number  of  pairs   of  drivers 4  6 

Weight   per   pair 60,7501b.  55,000  lb. 

Wheel  diameter,  inches 69  68 

Total  wheel-base,  engine  and  tender 75  ft.  8.5  in.  79  ft.  10  in. 

Maximum   tractive   effort 58,200  lb.  1 10.000  lb. 

Maximum   horsepower 2,825  5,860 

Continuous    horsepower 2,825  3,200 

both  designed  for  heavy  passenger  service  over  mountain 
grades.  The  selection  of  these  particular  locomotives  was 
also  based  on  the  idea  of  showing  rather  the  performances 
that  are  typical  of  what  is  possible  of  accomplishment  in  the 
respective  fields,  than  what  is  possible  with  particular  types 
of  locomotives.  The  curves  of  other  types  would  have  the 
same  general  outline  even  though  corresponding  values  would 
be  higher  or  lower  according  to  the  specific  type  of  locomo- 
tive. The  comparative  data  concerning  weights,  etc.,  is  given 
in  Table  1. 

The  steam  locomotive — Fig.  32 — is  of  modern  design,  em- 
bodying arch  tubes  and  superheater  and  is  designed  to  carry 
a  boiler  pressure  of  200  lb.  which  in  conjunction  with  cylinders 
of  28-in.  diaineter  and  20-in.  stroke,  results  in  the  very  large 
rated  tractive  effort  of  58,000  lb. 

The  electric  locomotive  is  a  representative  type  built  for 
heavy  passenger  service  in  a  mountain  region.  The  arrange- 
ment of  driving  wheels,  etc.,  is  shown  in  Fig.  33  and  the  oper- 
ating characteristics,  in  Fig.  37. 

The  first  comparison  to  be  made  is  that  of  tractive  effort. 
Curves  showing  the  relation  between  speed  and  tractive  effort 
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for  both  locomotives  are  shown  in  Fig.  35.  The  maximum 
tractive  effort  of  the  steam  locomotive  is  58,000  lb.,  while  that 
of  the  electric  is  110,000  lb.  Reference  to  the  data  in  Table  I 
shows  that  the  weight  on  the  drivers  is  330,000  lb.,  so  that 
the  110,000  lb.  tractive  effort  for  starting  is  based  on  30  per 
cent  adhesion,  a  very  conservative  value  for  the  electric  loco- 
motive. This  maximum  tractive  effort  in  the  case  of  the  elec- 
tric locomotive  is  maintained  until  a  speed  of  20  miles  an 
hour  is  reached,  while  the  steam  locomotive  cannot  maintain 

Gauge  of  track  4  ft.   Syi   in. 

Tractive   power,  maximum 58,200  lb. 

Factor   of  adhesion    ■ 4  18 

Cylinders: 

Diameter    28  in. 

Stroke     30  in. 

Weight   in   working   order: 

Leading     51,500  lb. 

Driving    243,000  lb. 

Trailing     57.500  lb. 

Engine    352,000  lb. 

Tender    193,700  1b. 

Wheel  bases: 

Driving    18  ft.  3  in. 

Engine     40  ft.  0  in. 

Total    engine   and   tender    75  ft.  8^  in. 

Wheel,    diameter,    driving    69  in. 

Boiler: 

Inside    diameter    845'2  in. 

Pressure     200  lb. 

Grate    area     •• 76.3    sq.    ft. 

Puel    Soft    coal 

Firebox,  length  and  width 114>^  in.  by  96'4  in. 

Tubes,   number   and    diameter    247 — 2J<t  in. 

45—5^  in. 

Length     20  ft.  6  in. 

Heating  surfaces: 

Tubes     2,970  sq.  ft. 

Plugs    - 1,323  sq.  ft. 

Firebox     335  sq.  ft. 

Arch  Tubes   34  sq.  ft. 

Total     4,662  sq.  ft. 

Superheater     ^'085  sq .  ft. 

Fig.  34 — Da"a  Applying  to  the  Locomotive  Illustrated  in  Fig.  32. 

its  maximum  beyond  10  miles  an  hour.  The  electric  locomo- 
tive curve  begins  to  drop  rapidly  at  20  miles  an  hour  and  at 
38  miles  an  hour  both  locomotives  have  the  same  tractive 
effort. 

To  give  a  better  idea  of  what  the  high  tractive  effort  of  the 
electric  locomotive  means,  a  curve  has  been  drawn — Fig.35 — 
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showing  what  the  tractive  effort  would  be  for  two  steam  loco- 
motives operating  as  ,i  double-header.  The  dotted  curve  is 
slightly  higher  for  the  maximum  tractive  effort  but  in  prac- 
tical operation  the  single  electric  locomotive  could  start  the 

TABLE    IL— TRACTIVE    EFFORT    AND    HORSEPOWER    DATA 
—ELECTRIC   LOCOMOTIVE 

Speed  (m.p.h.)  '  Tractive  Effort         Horsepower 

0— 2U 110,000  5,800 

2i 95,000  5,800 

25 75,000  5,000 

27 60,000  4,320 

29 50,000  3,870 

i2 40,000  3,420 

40 24,0(10  2,560 

50 14,500  1,960 

60 10,000  1,600 


same  train  as  the  two  steam  locomotives,  and  would  have  an 
advantage  over  them  up  to  a  speed  of  24  miles  an  hour. 
When    it    is    considered    that    on   heavy-passenger    mountain 
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Fig.  35 — Curves   of    Speed   and   Tractive    Effort    for   Steam 
and  Electric  Locomotives. 
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..ervice,  speeds  do  not  greatly  exceed  this  figure,  it  becomes 
clear  that  the  electric  locomotive  is  nearly  equivalent  to  the 
two  steam  locomotives.     It   must  be   remembered,  however. 
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that  the  two  steam  locomotives  could  maintain  this  speed  con- 
tinuously while  exerting  a  tractive  effort  of  80,000  lb.,  but  the 
electric  locomotive  could  not,  on  account  of  the  fact  that  the 
motors  would  require  a  current  much  above  the  continuous 
rating. 

Since  horsepower  is  an  important  factor,  curves  have  been 
drawn — -Fig.  36 —  showing  the  relative  horsepower  for  the 
two  locomotives  chosen.  Here  the  comparison  is  even  more 
striking,  and  the  advantage  possessed  by  the  electrical  loco- 
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Fig.  36 — Curves  of  Horsepower  Developed  b}^  Steam  Locomotives 
and  by  Electric  Locomotives. 

motive  is  easily  recognized.  Although  the  electric  locomotive 
has  the  same  weight  as  the  steam,  its  maximum  developed 
horsepower  at  the  rims  of  the  drivers  is  5,860  hp.  as  compared 
to  2,825  hp.  for  the  steam  locomotive,  and  when  compared  with 
two  steam  locomotives  it  shows,  for  the  working  range,  the 
■ability  to  deliver  the  equivalent  in  horsepower.  Of  course,  the 
continuous  rating  must  not  be  overlooked ;  for  the  electric 
locomotive  this  is  3,200  hp.  The  increase  in  horsepower  is  due 
to  the  increased  speed  for  the  same  tractive  effort. 

The   significance  of  the   curves   shown  in  Fig.  35   may  be 
further  illustrated  by  the  example  of  a  passenger  train  which 
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requires  at  certain  sections  or  grades,  a  tractive  effort  varying 
from  50,000  lb.  to  30,000  lb.  At  50,000  lb.,  the  speed  of  the 
steam  locomotive  would  be  16;^  miles  an  hour;  the  electric. 
29  miles  an  hour,  or  nearly  double.  At  40,000  lb.  the  steam 
locomotive  would  be  moving  at  the  rate  of  24.5  miles  an 
hour;  the  electric,  32  miles  an  hour. 

^  The  characteristic  curves— Fig.  37— for  the  electric  locomo- 
tive were  obtained  by  actual  test.  From  these  curves  the 
tractive  effort  at  any  speed  can  be  read  oft'  directly.  Table  II, 
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Fig.  37— Characteristic   Curves   of   an   Electric  Locomotive, 
and  thus   is   obtained  the  data   which,   in   turn,  was   used  to 
plot    the    tractive    effort    curves    in    Fig.    35.      Applying    the 
formula, 

tractive  effort  X   speed 


H.P.  = 


375 


and  using  the  first  two  columns  of  Table  II,  the  third  column 
— horsepower  rating — was  obtained  for  use  in  plotting  the 
curve  of  horsepower  in  Fig.  36. 

In  the  set  of  characteristic  curves — Fig.  2,7 — for  the  electric 
locomotive,  it  is  to  be  noted  that  there  are  three  speed  curves 
and   three    corresponding   tractive-effort   curves.      This    type 
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locomotive  uses  "field  control,"  thus  resistance  losses  are 
reduced.  The  tractive-effort  and  horsepower  curves  cover 
the  normal-field  condition.  To  show  briefly  what  is  gained 
with  this  field  control,  an  example  in  which  the  continuous 
horsepower  rating  is  3,200  hp.,  may  be  taken.  With  normal 
field  this  corresponds  to  a  speed  of  34  miles  an  hour  and  a 
tractive  effort  of  35,000  lb.  If  a  greater  tractive  effort  is 
necessary  continuously,  the  speed  can  be  reduced.  By  operat- 
ing on  full  field,  a  speed  of  24.5  miles  per  hour  is  obtained  with 
a  tractive  effort  of  49,000  lb. 

The  data  for  plotting  the  curves  of  tractive  effort  and  horse- 
power for  the  steam  locomotive  was  obtained  by  ca:lculating 

TABLE   III.— TRACTIVE    EFFORT   AND   HORSEPOWER   DATA 
—STEAM  LOCOMOTIVE- 


Speed  Piston  Si 

m.p.h.  Ft.  perl 

0     

10.3 250 

12     292 

15     365 

20     487 

25     610 

35     852 

41     1,000 

45     1,095 

55     1,340 

65     1,580 


jeed       Speed 

Tractive 

%  of  Max. 

^lin.       Factor 

Effort 

H.P. 

H.P. 

58,000 

0 

l.UOO 

58,000 

55.6 

1,570 

.954 

55,300 

64.3 

1,820 

.897 

52,000 

73.1 

2,070 

.784 

45,500 

85.6 

2,420 

.675 

39,100 

92.3 

2,610 

.515 

29,900 

98.3 

2,780 

.445 

27,000 

100.0 

2,825 

.405 

23,500 

100.0 

2,825 

.332 

19,250 

100.0 

2,825 

.281 

16,300 

100.0 

2,825 

the  piston  speed  in  feet  per  minute,  and  applying  percentages 
which  are  used  by  locomotive  builders  and  correspond  to 
the  various  piston  speeds.    This  data  is  shown  in  Table  III. 


CHAPTER  XIII 

METHODS  USED  FOR  ACCELERATING  ELECTRIC 
LOCOMOTIVES 

In  locomotive  operation  where  heavy  trains  are  handled  it 
is  necessary  to  have  a  uniform  rate  of  acceleration  from  start 
to  maximum  speed.  The  longer  the  train  the  more  important 
this  factor  becomes,  owing  to^the  strength  of  the  surges, 
which  may  result  in  serious  damage  to  couplers  and  draft 
gears. 

Direct-Current  Locomotive  Control.— To  anyone  who  has 
ridden  in  electric  cars  or  trains  the  variation  in  the  operation 
as  far  as  smoothness  is  concerned,  is  noticeable.  In  the  case 
of  the  trolley  car  for  instance,  the  smoothness  of  acceleration 
depends  on  the  skill  of  the  motorman  as  the  control  equip- 
ment is  manually  operated,  there  being  no  automatic  features 
to  regulate  the  maximum,  amount  of  current.  The  case  of  the 
electric  locomotive  is  similar;  it  has  been  the  universal  prac- 
tice to  consider  the  master  controller  as  the  throttle  and  to 
let  the  engineman  regulate  the  amount  of  power,  the  amount 
consumed  being  indicated  by  electrical  instruments  provided 
for  this  purpose.  The  control  apparatus  is  more  elaborate 
than  that  used  on  the  trolley  cars  or  on  elevated  railway 
trains,  but  in  general,  the  same  fundamental  electrical  prin- 
ciples are  involved. 

The  arrangement  of  resistances  and  motor  combinations  as 
generally  used  today  is  the  result  of  several  years  of  operation. 
There  are  many  schemes  of  connections,  all  of  which  are 
feasible,  yet  have  certain  disadvantages.  The  importance  of 
the  subject  makes  it  advisable  to  take  up  and  discuss  these 
various  schemes. 

Subway  and  elevated  railway  trains  use  automatic  regula- 
^aon  so  that  the  rate  of  acceleration  does  not  depend  on  the 
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movement  of  the  master  controller  but  is  taken  care  of  auto- 
matically  by   a    relay,    set   for    some    definite    motor-current 
value.     While   some   of   these  trains   operate   very   smoothly 
throughout  the  entire  range  of  the  control  from  start  to  full 
speed,  other  trains  using  equipment  of  a  different  and  older 
type  will  show  very  decidedly  the  changes  in  speed.    The  lat- 
ter trains  will  operate  smoothly  up  to  about  15  miles  an  hour, 
then  there  will  be  a  moment  when  the  speed  will  not  increase 
Init  will  perhaps  even  decrease  slightly  and  then  acceleration 
will  again  take  place  smoothly  to  maximum  speed.    The  effect 
of  these  changes  is  extremely  noticeable,  and  while  it  is  pos- 
sible to  operate  elevated  or  subway  trains  in  this  manner,  the 
only  result  being  discomfort  to  the  passengers,  it  would  be 
impossible  on  account  of  the  damage  caused  by  the  surge,  to 
allow  this  variation  in  speed  in  the  case  of  the  electric  loco- 
motive. 

The  reason  for  this  variation  is  found  in  the  method  used 
for  changing  the  motor  combination  so  as  to  increase  the 
speed.  The  latest  method  and  one  that  is  necessary  in  electric 
locomotive  operation  is  known  as  the  bridging  method.  Other 
methods,  namely,  the  shunting  method  and  the  open-circuit 
method  have  been  used,  however,  for  elevated,  subway,  and 
surface  cars.  Each  of  these  methods  will  be  discussed  so  that 
the  subject  of  motor  and  resistance  combinations  will  be 
clearly  understood,  although  all  of  the  schemes  do  not  neces- 
sarily apply  to  the  electric  locomotive. 

Full  voltage  cannot  be  applied  directly  to  the  motors  at 
rest,  as  the  current  through  them  would  be  so  great  as  to 
cause  serious  damage  both  electrically  and  mechanically.  The 
motor  then  offers  only  its  ohmic  resistance  to  the  current  so 
that  sufficient  other  resistance  must  be  placed  in  series  with 
the  motors  to  give  the  proper  amount  for  starting.  At  the 
first  control  point  approximately  90  per  cent  of  the  voltage  is 
absorbed  by  the  resistance ;  cutting-out  the  resistance  step  by 
step  increases  the  voltage  at  the  motor  terminals  until  full 
voltage  is  obtained. 

Rheostatic  Control— Series  Resistance.— There  are  several 
ways  of  connecting  the  resistance.  The  easiest  way  and  one 
which  requires  the  least  amount  of  control  apparatus,  is  to 
connect  the  motors  permanently  according  to  the  full-speed 
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combination  desired  and  then  provide  sufficient  resistance. 
When  all  of  the  resistance  is  cut-out,  the  motors  are  in  the 
final  arrangement  and  there  are  no  combinations  of  motors 
in  the  series  and  parallel.  This  arrangement  is  known  as 
rheostatic  control. 

With  rheostatic  control  the  resistances  may  be  connected 
in  three  ways,  known  respectively  as  series  resistance,  parallel 
resistance,  and  series-parallel  resistance.  Series  resistance 
signifies  that  all  of  the  resistance  in  the  circuit  is  first  placed 
in  series  with  the  motors  and  then  is  gradually  short-circuited 
by  sections  until  the  motors  are  connected  across  the  full 
trolley  voltage.  The  switches  for  short-circuiting  the  sections 
of  the  resistance  are  all  open  when  the  power  is  first  applied, 
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Fig  38 — Connections  When  a  Series  Resistance 
is  Used   for  Starting 


and  are  closed  consecutively.  A  diagram  of  this  arrangement 
is  shown  in  Fig.  38. 

Rheostatic   Control — Parallel    Resistance. — In    the    case    of 

rheostatic  control  using  parallel  resistance,  the  resistance 
steps  as  well  as  the  motors,  are  connected  in  parallel.  At  start- 
ing, only  one  high-resistance  unit,  designed  to  keep  the  current 
value  normal,  is  in  circuit.  As  acceleration  takes  place,  ad- 
ditional resistors  are  connected  in  parallel  with  the  initial  re- 
sistance until,  on  the  last  step,  the  entire  resistance  is  short- 
circuited.  As  each  step  of  resistance  is  placed  in  circuit,  com- 
bined resistance  is  less,  so  that  the  voltage  to  the  motors,  and 
hence  the  current,  is  increased — see  Chapter  III — according  to 
the  law  of  parallel  resistance. 

The  number  of  parallel  resistances  rec^uired  depends  on  the 
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value  of  each,  but  the  joint  resistance  at  the  last  step  must  be 
low  enough  so  that  when  the  entire  resistance  is  short-cir- 
cuited the  increase  in  voltage  to  the  motors  will  not  be 
greater  than  the  amount  necessary  for  smooth  acceleration. 
The  arrangement  of  connections  is  shown  in  Fig.  39.  The 
Trolley 
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Fig.  39 — Connections  When  Resistances  in  Parallel 
Are  Used  for  Starting-. 


switches,  1,  2,  3,  4,  5,  are  all  open  at  the  start,  the  current 
passing  through  the  top  resistance  when  the  trolley  switch  is 
Jrolle\/ 
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Fig.  40— Connections  for  Using  Combined  Series  and  Parallel 
Resistances  for  Starting. 

closed.     The  switches  are  closed  consecutively  and  when  No. 
5  is  closed,  the  motors  are  operating  on  full  trolley  voltage. 

Rheostatic  Control — Comblnaition  Resistance. — The  third 
class  of  arrangement  for  the  starting  resistance,  is  a  com- 
bination of  the   other  two.     The  diagram  of  connections   is 
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shown  in  Fig.  40.  The  switches  are  shown  as  Nos.  1,2,  3,  and 
4.  respectively.  On  the  first  step  switch  No.  1  is  closed  and 
all  the  resistance  is  in  series ;  on  the  next  step  switch  No.  2  is 
closed  and  No.  1  is  opened,  so  that  part  of  the  resistance  has 
been  cut  out,  leaving  section  ab  in  the  circuit ;  switch  No.  3  is 
closed  next  and  No.  2  still  remains  closed.  The  section  of  the 
resistance  ca,  cut  out  by  the  closing  of  switch  No.  2,  is  brought 
back  into  the  circuit  by  closing  the  switch  No.  3,  but  instead 
of  being  in  series  it  is  in  parallel  so  that  the  joint  resistance 
is  less.  On  the  next  step,  switch  No.  4  closes  and  No.  3  opens, 
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Fig.  41 — Motor  Combinations  for  Starting. 


so  that  the  joint  resistance  is  again  reduced.  The  last  step 
cuts  out  all  of  the  resistance  by  the  closing  of  switches  No.  1 
and  No.  3. 

Motor  Combinations. — While  with  the  three  arrangements 
described,  smooth  operation  is  obtained,  there  is  a  decided 
objection  to  the  systein  of  connections  as  they  are  not  econo- 
mical from  the  standpoint  of  power  consuinption.  There  is 
considerable  power  lost  in  the  resistance,  and  greater  economy 
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can  be  obtained  by  connecting  the  motors  in  combinations, 
instead  of  permanently,  as  less  resistance  is  required  and 
therefore  the  loss  due  to  this  cause  is  less.  When  motors  are 
to  be  used  in  combinations,  complete  equipments  include  an 
even  number  of  motors.  For  locomotive  work  the  minimum 
number  is  generally  four  and  may  be  as  high  as  design  per- 
mits, although  the  locomotives  operating  out  of  the  Pennsyl- 
vania Terminal,  New  York,  have  only  two  motors.  To  gain 
the  maximum  saving  in  power  consumption  the  combinations 
are  as  shown  in  Fig.  41,  the  motors  being  connected  first  in 
series,  then  in  series-parallel,  and  finally  all  in  parallel. 

On  small  locomotives  of  60  to  80  tons  or  less,  the  first  or 
series  arrangement   with  the  four  motors  in  series,  is   gen- 
erally eliminated  so  that  the  locomotive  starts  with  the  motors 
Trolley  ,  ^         -r  . 
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Fig.  42 — Open  Circuit  ?,nd  Shunted  Motor  Transition   Diagram 

in  the  series-parallel  arrangement.  With  four-motor  equip- 
ments, two  motors  are  connected  permanently  in  parallel  and 
are  controlled  as  one  unit. 

When  combinations  of  motors  are  used,  the  problem  of 
changing  from  one  to  the  other,  while  obtaining  smooth  ac- 
celeration is  somewhat  different  than  with  series  resistance 
as  explained  for  Figs.  38,  39  and  40.  With  rheostatic  control 
the  circuits  are  simple;  all  that  is  necessary  is  to  arrange  the 
circuits  as  shown  by  the  diagrams  and  provide  a  means  for 
cutting  out  the  resistance.  With  the  motor  combinations, 
however,  means  for  making  the  transition  from  series  to 
parallel  must  be  provided. 

Transition  Methods. — There  are  three  methods  used  in 
changing  the  motors  from  series  to  parallel,  namely:  the  open 
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circuit  method,  the  shunted  motor  method,  and  the  bridging 
method.  These  three  methods  are  listed  in  the  chronological 
order  in  which  they  were  developed;  the  bridging  method  is 
the  latest  developed  and  the  smoothest  in  operation,  while  the 
open  circuit  method  was  the  first  and  the  roughest.  The 
further  information  might  be  added,  that  the  development  of 
the  transition  methods  did  not  occur  in  connection  with  the 
development  of  electric  locomotives,  but  with  that  of  elevated 
and  subway  multiple-unit  trains  as  well  as  with  certain  types 
of  trolley  cars. 

Open-Circuit  Transition. — With  the  open-circuit  'method — 
shown  in  Fig.  42 — the  connections  between  the  motors  and  the 
trolley  are  broken  during  the  transition  step.  The  motors, 
therefore,  are  developing  no  torque  during  the  short  time  re- 
quired for  changing  the  circuits,  and  they  are  in  parallel  when 
the  trolley  connection  again  is  made.  While  the  change  is 
being  made,  the  speed  decreases  and  there  is  a  surge  when  the 
motors  again  receive  current.  The  switches  closed  for  full 
series  operation  would  be  T,  also  1,  2.  3,  4  and  5  ;  to  bring  the 
two  motors  in  parallel,  switch.  T.  is  opened  and  then  switch 
No.  5,  after  which  switches  No.  6  and  No.  7  are  closed,  fol- 
lowed by  switch  T.  with  the  correct  amount  of  resistance  in 
series.  Because  of  its  tendency  to  cause  surges,  this  arrange- 
ment or  method  would  not  be  satisfactory  for  locomotive 
operation. 

Shunted-Motor  Transition. — The  same  diagram — Fig.  42 — 
may  be  used  to  show  the  shimted-motor  method  of  control. 
The  full-series  circuits  are  the  same  as  those  for  the  corre- 
sponding point  in  the  open-circuit  arrangement.  Then,  in- 
stead of  opening  the  switch,  T.  and  cutting  off  the  power,  this 
switch  is  left  closed  and  part  of  the  resistance  is  again  cut-in 
by  the  opening  of  switches  No.  2,  No.  3  and  No.  4.  An  instant 
later  switch  No.  7  is  closed  and  connects  the  No.  1  motor 
directly  to  ground,  at  the  same  time  creating  a  shunt  around 
the  No.  2  motor  by  this  short  circuit  to  the  ground.  Switch 
No.  5  is  then  opened  and  switch  No.  6  is  closed,  which  con- 
nects the  No.  2  motor  in  parallel  with  the  No.  1  motor,  and 
then  the  resistance  is  again  cut  out  step  by  step  so  that  the 
motors  are  finally  left  in  full  parallel.     This  method  has  a  dis- 
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tinct  advantage  over  the  open-circuit  method  in  that  only  one- 
half  instead  of  all  of  the  torque  is  lost  during  transition. 

Bridging  Transition. — The  bridging  method  is  different 
from  the  other  two,  as  it  does  not  require  the  current  to  be 
cut  ofif  from  either  motor,  nor  is  either  motor  short-circuited 
or  shunted.  This  feature  gives  this  method  an  advantage  over 
both  of  the  others,  in  that  the  motors  continue  to  work  all 
the  time  and  the  torque  is  constant  during  the  transition 
period.  Smooth  operation  is  thus  obtained  throughout  the 
whole  period  of  acceleration. 

The  arrangement  of  the  circuits  is  as  shown  in  Fig.  43.  The 
line  switches,  LS,  are  connected  between  the  trolley  or  source 
of  supply  and  the  other  switches  and  motors.    The  resistance 
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Fig.  43 — Diagram  of    Connections    for   Bridging   Transition. 

which  switch,  S,  cuts  out,  is  used  only  with  the  motors  in  ser- 
ies, and  is  generally  short  circuited  at  the  second  notch  of  the 
controller,  when  the  switch,  S,  closes.  The  resistance  switches, 
Rj,  Ro,  R3  and  RRi,  RRo,  and  RR3,  are  used  to  disconnect  in 
steps,  the  total  resistance.  The  switch,  JR,  when  closed,  con- 
nects the  two  motors  in  series  outside  of  the  two  sets  of  equal 
resistances;  the  switch,  J,  when  closed,  completes  a  jumper, 
connecting  the  two  motors  directly  together,  the  resistance 
being  left  out  of  the  circuit. 

The  sequence  of  switches  is  as  follows :  On  the  first  step  the 
switches  LS,  and  JR  are  closed,  so  that  the  motors  are  in 
series  themselves  also  with  all  of  the  resistance.  The  current 
passes  through  LS^,  S-Resistance,  No.  1  motor.  No.  1  Resist- 
ance, through  the  switch,  JR,  No.  2  Resistance,  No.  2  motor, 
to  ground.    On  the  next  step,  switch,  S,  closes  and  the  motors 
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begin  to  pick-up.  The  switches  R^,  RR^,  Ro,  RR2,  R3,  and  RR3 
are  closed  consecutively,  and  switch  J,  is  closed,  as  the  con- 
troller is  turned  from  notch  to  notch.  After  the  switch  J,  is 
closed,  all  of  the  resistance  switches  for  the  No.  1  and  No.  2 
resistances  open,  which  leaves  the  motors  in  series,  and  the 
current  passes  through  switches  LS^,  S,  and  J. 

The  bridging  is  next  arranged.  Switches  LS,  and  G,  are 
closed,  and  complete  a  circuit  from  the  trolley  through  LS,, 
No.  2  resistance  switch,  J,  No.  1  Resistance,  and  G,  to  the 
ground.  There  are  thus  established  two  circuits  through  the 
switch,  J,  through  which  the  current  tends  to  pass  in  opposite 
directions.  The  resistances,  however,  are  of  such  a  value  that 
when  placed  across  the  line,  the  current  will  be  the  same  as 
that  taken  by  the  motor  circuit  at  the  speed  of  the  locomotive 
when  the  change  is  made  from  series  to  parallel.  If  the  two 
currents  are  equal  there  will  be  no  current  passing  through 
J,  and  it  can  be  opened  without  notice.  Of  course  it  is  prac- 
tically impossible  to  have  the  switch  J,  open  at  the  exact  time 
when  the  current  is  zero.  The  current  flowing  through  the 
motors  and  through  the  switch  J,  in  the  direction  a  to  b,  will 
depend  on  the  speed  of  the  locomotive.  The  back  electromo- 
tive force  of  the  motors  increases  with  the  speed  and  the  cur- 
rent is  reduced.  On  the  other  hand,  the  current  through  the 
resistances  in  series  is  always  the  same.  Therefore,  if  the 
engineman  waits  too  long  before  proceeding  to  parallel,  the 
current  through  the  resistance  will  be  greater  and  the  switch, 
J,  on  opening,  wnll  break  a  current  flowing  from  b  to  a.  If  the 
speed  is  too  low  the  extra  current  will  flow  from  a  to  b.  The 
opening  of  the  switch  J,  establishes  two  parallel  circuits,  each 
of  which  contains  one  motor  and  its  resistance  in  series.  The 
resistance  switches  are  closed  progressively  as  in  the  series 
position,  except  that  corresponding  switches  in  each  set  of 
resistance  close  together,  as,  for  example,  R^  and  RR^.  With 
the  bridging  method,  the  motors,  when  started,  are  connected 
in  series  with  the  resistance  and  are  brought  up  to  full  parallel 
without  having,  at  any  time,  the  torcjue  changed  more  than  the 
amount  due  to  the  cutting-out  of  one  resistance  step. 

High- Voltage  Direct- Current  Locomotive  Control. — In  gen- 
eral, the  direct-current  locomotives  operating  on  direct  cur- 
rent at  1,200  to  3,000  volts,  may  be  regarded  as  using  the  same 
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motor  combinations  as  those  operating  on  600  volts,  when  it 
is  considered  that  two  or  more  motors  are  grouped  together 
as  one  unit. 

As  the  voltage  on  the  overhead  wire  increases  it  becomes 
necessary  to  keep  two  or  more  motors  in  series  across  the  line 
voltage  at  all  times,  due  to  the  fact  that  it  is  not  commercially 
possible  to  design  a  single  armature  for  operation  with  direct 
current  at  a  voltage  higher  than  1,500  volts. 

As  explained  in  a  previous  chapter  the  railway  motor  rotates 
at  a  speed  such  that  its  counter  electromotive  force  is  nearly 
equal  to  the  impressed  voltage,  and  as  the  voltage  across  the 
motor  terminals  increases,  it  becomes  more  difficult  to  secure 
this  result.  It  is  a  simple  matter,  however,  to  insulate  the 
conductors  for  the  high  voltage  so  that  by  combining  the  mo- 
tors in  groups  the  counter  electromotive  force  required  of  each 
motor  is  reduced  to  a  normal  value,  and  the  operation  is  satis- 
factory. 

The  experience  gained  from  the  use  of  3000-volt  electric 
locomotives  on  the  Chicago,  Mihvaukee  and  St.  Paul  is  an 
example.  The  equipment  of  the  original  locomotives  includes 
1500-volt  motors,  two  of  these  motors  being  permanently  con- 
nected together  and  considered  as  a  single  unit,  as  far  as  the 
control  arrangement  is  concerned.  The  later  locomotives  have 
a  larger  number  of  motors  so  that  at  high  speed  three  motors 
are  connected  together  across  the  3000  volts.  There  are  only 
1000  volts  across  the  terminals  of  each  of  the  motors,  so 
that  each  one  then  is  in  reality  a  1000-volt  motor  insulated 
for  3000  volts. 

Alternating-Current  Locomotive  Control. — The  locomotive 
control  for  alternating-current  operation  is  entirely  different 
from  that  of  direct-current  operation.  In  the  first  place,  the 
voltage  on  the  overhead  wire  is  comparatively  high — from 
11,000  to  15,000  volts — and  cannot  be  connected  directly  to  the 
motors,  so  that  means  must  be  provided  for  reducing  this 
voltage  to  a  workable  value.  This  reduction  is  accomplished 
by  means  of  transformers. 

A  further  difference  between  the  two  systems  of  operation 
is  found  in  the  fact  that,  instead  of  a  single  type,  there  are 
three     types     of     alternating-current     electric     locomotives, 
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namely,  the  single-phase,  the  three-phase,  and  the  split-phase. 
In  the  case  of  the  single-phase  locomotive  it  is  not  neces- 
sary to  connect  the  motors  in  different  combinations  to  regu- 
late the  voltage  and  thus  increase  the  speed.  The  motors  can 
be  connected  permanently  in  parallel  and  the  voltage  increased 
by  connecting  to  different  taps,  or  leads,  on  the  transformer, 
each  lead  giving  an  increase  in  voltage,  and  hence  an  increase 
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Fig.  4^1 — Schematic   Diagram   of    Main    Circuit   and    Sequence 
of   Switches — Single-Phase  Alternating-Current  Locomotive. 

in  speed.  By  means  of  these  taps  the  power  can  be  applied 
to  the  locomotive  gradually  and  smooth  acceleration  obtained. 
Single-Phase  Arrangement. — A  schematic  diagram  for  the 
main  circuits  of  a  single-phase  electric  locomotive,  is  shown  in 
Fig.  44.  The  transformer,  which  is  of  the  double-coil  type, 
has  its  primary  connected  between  the  trolley,  at  11,000  volts, 
and  the  ground.  The  secondary  of  the  transformer  has  eleven 
taps,  which  are  connected  to  switches  marked  from  I  to  XI. 
These  taps,  after  passing  through  the  switches,  connect  to  four 
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leads  running  to  the  preventive  coils,  every  fourth  tap  connect- 
ing to  the  same  lead.  From  the  preventive  coils,  one  lead  is 
used  as  a  feeder  for  all  four  motors,  these  being  connected 
permanently  in  parallel. 

To  show  just  what  takes  place  and  how  the  voltage  is  in- 
creased a  sequence  of  switches  is  shown.  The  first  running 
position  is  when  the  first  four  switches  are  closed.  By  tracing 
the  path  of  the  current  through  these  four  switches,  it  is 


Fig.  45 — A  Reactance  Coil  Complete. 


found  that  switches  I  and  III  connect  across  coil  No.  1  and 
switches  II  and  IV  across  coil  No.  2.  These  two  coils  are  then 
connected  together  by  the  large  coil  No.  3,  from  which  is  taken 
one  tap.  It  would  be  impossible  to  connect  leads  I  and  III 
directly  together  as  the  difference  in  voltage — 50  volts — would 
result  in  a  severe  short  circuit.  The  same  condition  applies 
with  leads  II  and  IV,  but  by  interposing  coils  No.  1  and  No.  2 
the  short  circuit  is  avoided.    By  connecting  the  coil  No.  3,  a.^ 
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shown,  the  four  different  voltages  are  reduced  into  one,  which 
is  the  mean  of  the  sum  of  four  voltages.  Therefore,  on  step 
No.  1,  the  voltage  to  the  motors  is  137.5  volts.  On  step  No.  2 
the  switch  I  opens  and  V  closes  so  that  the  voltage  across  the 
motors  becomes  162.5  volts.  This  procedure  is  continued  until 
full  speed  is  reached,  the  arrangement  of  taps  and  switches 
being  such  that  smooth  acceleration  is  obtained  throughout 
he  range  from  start  to  full  speed. 

Preventive  Coils. — The  nature  of  locomotive  work  requires 
that  current  should  be  supplied  to  the  motors  continuously  and 
that  open  circuits  shall  not  occur  between  points  on  the  con- 
troller. It  is,  therefore,  necessary  to  be  able  to  pass  from  one 
tap  to  another  on  the  transformer,  without  open-circuiting, 
which  means  that  both  taps  must  be  closed  at  the  same  time. 
The  preventive  coil  performs  this  function  also.  It  would  be 
possible — and  is  done,  in  many  cases — to  have  a  fewer  number 
than  four  transformer  switches  closed  at  one  time.  The  ad- 
vantage of  having  four  lies  in  the  fact  that  since  these  four 
switches  carry  the  total  current  to  the  motor,  each  switch  is 
only  carrying  one-fourth.  Thus  the  size  of  switch  required 
can  be  reduced. 

These  preventive  coils  are  wound  so  that  a  short  circuit  is 
prevented  between  the  taps  connected  at  different  voltages, 
but  they  offer  very  little  impedance  and  resistance  to  the 
current  taken  by  the  motor.  They  are  made — see  Fig.  45 — of 
a  few  turns  of  copper  strap,  surrounded  by  iron,  and  resemble 
a  small  transformer.  The  tw^o  halves  of  the  coils  are  wound 
so  that  in  the  case  of  a  short  circuit,  the  coils  are  added  to- 
gether and  offer  a  large  amount  of  impedance  and  inductance, 
but  when  only  the  main  motor-current  is  passing  through,  the 
windings  neutralize  each  other  so  that  very  little  impedance  is 
offered,  and  thus  flexibility  of  control  is  obtained  at  high 
operating  efficiency. 

Three-Phase  and  Split-Phase  Arrangement. — Both  three- 
phase  and  split-phase  locomotives  are  equipped  with  three- 
phase  motors.  Motors  of  this  type  have  a  constant  speed, 
which  depends  on  the  frequency  of  the  supply  circuit  and  not 
on  the  voltage.  In  bringing  the  locomotive  up  to  this  constant 
speed  a  resistance  must  be  inserted  in  the  secondary  winding 
to  keep  the  current  down  to  a  normal  value.    As  the  locomo- 
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tive  accelerates,  this  resistance  is  cut  out  step  by  step,  until 
it  is  entirely  out  and  the  secondary  winding  is  short-circvnted 
on  itself. 

In  the  case  of  large  locomotives  the  amount  of  resistance, 
if  of  the  grid  type,  is  very  bulky.  This  space  requirement  is 
reduced  on  the  split-phase  locomotives  of  the  Norfolk  & 
Western  by  the  use  of  water  rheostats,  which  also  provide  a 
very  flexible  arrangement. 


CHAPTER  XIV 

ENERGY  LOSSES  INCURRED  BY  THE  VARIOUS 
METHODS  OF  ACCELERATION 


The  previous  chapter  described  the  different  methods  used 
to  increase  gradually  the  voltage  to  the  motors,  by  the  ma- 
nipulation of  resistances.  The  different  motor  arrangements, 
also  the  different  methods  used  to  change  from  series  to  paral- 
lel, were  discussed  and  it  was  shown  how,  with  the  bridg- 
ing method  of  transition,  the  motors  may  be  brought  from 
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Fig.  46 — Energy  Consumption  and  Resistance  Losses — Rheostatic  Control, 
start  to  full  parallel  without  interruption  in  the  tractive  effort. 

In  describing  rheostatic  control,  mention  was  made  of  the 
fact  that  this  arrangement  is  not  economical,  that  the  resist- 
ance loss  is  excessive,  but  that  this  can  be  reduced  by  connect- 
ing the  motors  in  combinations.  It  is  impossible  to  avoid 
rheostatic  losses  entirely,  but  they  can  be  considerably  re- 
duced. The  saving  in  power  that  can  be  made  by  connecting 
the  motors  in  combinations  can  be  shown  by  a  concrete  ex- 
ample. 

Assume  that  a  locomotive  is  equipped  with  four  motors  and 
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operates  from  a  third  rail  at  650  volts.  It  requires  1000  am- 
peres per  motor  to  start  this  locomotive  and  accelerate  it  to  a 
certain  speed — where  all  the  resistance  is  cut  out — in  45  sec- 
onds, when  coupled  to  a  certain  train. 

Energy  Losses — Rheostatic  Control. — A  rheostatic  arrange- 
ment, where  all  the  motors  are  connected  in  parallel  and  where 
a  series  resistance  is  used  will  be  considered  first.  The  energy 
lost  in  the  resistance  with  this  arrangement  is  shown  in  Fig. 
46.  Each  motor  takes  1,C(X)  amperes  at  650  volts,  so  that  the 
locomotive  is  taking  from  the  power  supply,  650  volts  X  (1,000 
X  4)  amperes  =  2,600,000  watts,  or  2,600  kilowatts.  This 
amount  of  power  is  consumed  during  the  straight-line  accel- 
eration, and  is  represented  by  the  line  ab,  the  resistance  being 
meanwhile  cut  out  step  by  step.  During  this  straight-line  ac- 
celeration 45  seconds  elapse,  so  that  the  energy  consumed  is 
represented  by  the  area,  oabc,  and  is  2,600  kw.  X  45  sec.  = 
117,000  kw.  seconds  or 

117,000  kw  seconds 

32.5  kw-hrs.  (which  is  the  input) 


3,600  (no.  of  sec.  per  hr.) 

I'he  amount  of  energy  lost  in  the  resistance  depends  on  the 

product  of  the  current  and  the  difference  betwen  the  line  volts 

and  the  motor  volts.    At  any  instant,  it  is  ecjual  to  the  current 

value  at  that  instant,  multiplied  by  the  difference  between  the 

line   voltage   and   the    motor   voltage.     A   certain   voltage   is 

necessary  to  start  the  motors,  and  in  figuring,  this  is  taken  as 

10  per  cent  of  the  line  voltage.     In  our  present  problem  65 

volts  would  then  be  required  and  the  kilowatts  taken  by  tlie 

motors  is : 

65X4000       ^.., 

— =  260  kw. 

1000 

which  is  shown  at  point  .r  in  Fig.  46.  At  the  end  of  45  seconds 
all  of  the  resistance  has  been  cut  out  and  the  motors  are  con- 
suming all  of  the  energy,  at  the  full  voltage — 650  volts— of 
the  line.  The  line  xb,  therefore  represents  the  volts  across  the 
motor  and  also  the  dividing  line  between  the  energy  lost  in  the 
resistance  and  that  used  by  the  motors.     As  has  just  been 
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stated,  the  resistance  loss  is  the  current  X  (line  volts- 
motor  volts),  so  that  the  area  above  the  line  xb  represents  the 
energ-y  lost  in  the  resistance  and  the  area  below  the  line,  the 
useful  energy  absorbed  by  the  motors.  Since  10  per  cent  of 
the  line  voltage  is  taken  by  the  motors  at  start,  90  per  cent, 
of  the  voltage  will  be  lost  in  the  resistance  at  start.  The 
average  voltage  loss,  since  xb  is  a  straight  line,  will  be  half  of 
this  or  45  per  cent  of  the  line  voltage,  in  this  case,  45  per  cent 
of  650  volts  or  292.5  volts.  The  same  current — 4,000  amperes 
— flows  through  the  resistance  so  that  the  energy  loss  is  : 

4000  amperes  X  292.5  volts  X  45  seconds         ,  ,  ^,  , 

r=  14.63  kw-hrs. 

1000  X  3600 

The  average  voltage  used  by  the  motors  necessarily  will  be 
55  per  cent  of  650  volts,  or  357.5  volts.  The  useful  energy 
then  is 

4000X357.5X45  ^  ^. ^  ^^^,_j^^^_ 
3600  X  1000 

Energy  Loss  Series-Parallel  Control. — The  series-parallel 
arrangement  where  there  are  two  sets  of  two  motors  each, 
connected  permanently  in  parallel,  will  be  considered  next. 

In  starting,  the  two  sets  are  connected  in  series,  but  instead 
of  4,000  amperes — the  current  used  by  the  same  equipment  and 
rheostatic  control — being  taken  from  the  line,  only  2,000  will 
be  used,  although  each  motor  receives  1,000  amperes  and  the 
locomotive  develops  the  same  drawbar  pull.  At  transition  the 
motors  are  connected  four  in  parallel  and  4,000  amperes  is 
again  taken  from  the  line. 

With  the  motors  connected  according  to  the  series-parallel 
arrangement,  two  motors  are  in  series  across  the  line.  As 
before,  each  motor  requires  its  10  per  cent  voltage  to  start,  or 
65  volts,  with  a  current  of  1,000  amperes,  so  that  the  voltage 
used  by  the  motors  is  130  volts.  There  is  then  520  volts,  or 
only  80  per  cent,  to  be  absorbed  by  resistance.  At  starting 
the  current — -2,000  amperes — from  the  line  is  one-half  of  that 
required  with  rheostatic  control,  so  that  the  useful  energy  is 
of  the  same  value,  namely,  260  kw.,  and  point  x  is  located  as 
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shown  in  Fig.  47.  The  time  required  to  accelerate  is  the  same 
as  before,  namely,  45  seconds,  so  that  the  line  xg  will  be  the 
dividing  line  between  the  energy  loss  in  the  resistance  and  the 
useful  energy  absorbed  by  the  motors,  and  corresponds  to  and 
is  located  the  same  as  line  xb,  in  Fig.  46. 

The  average  voltage  loss  during  series  is  one-half  of  the 
80  per  cent,  or  40  per  cent  of  the  line  volts,  or  260  volts.  In 
order  to  ascertain  the  kilowatt-hours  loss  during  series,  it  is 
necessary  to  know  at  what  time  the  motors  will  reach  full 
series.  The  total  time  is  divided  between  series  and  parallel 
in  the  ratios  of  the  counter  electromotive  forces  of  the  motors 


Fig.  47 — Energy     Consumption     and     Resistance     Losses- 
Series-Parallel   Control. 


in  series  and  in  parallel,  after  the  resistance  is  cut  out.  When 
the  two  motors  are  in  series  each  has  one-half  of  650  volts, 
or  325  volts  across  the  terminals.  According  to  the  assump- 
tion for  this  motor,  65  volts  is  sufficient  to  give  1,000  amperes 
through  the  motor,  so  that  when  running  without  resistance 
and  consuming  1,000  amperes,  the  back  e.m.f.  must  be  the  dif- 
ference between  325  and  65,  or  260  volts.  When  the  motors 
are  in  parallel,  each  motor  has  650  volts  across  the  terminals, 
but  the  voltage  corresponding  to  1.000  amperes  is  still  65  volts. 
The  counter  e.m.f.  must  then  be  the  difference  between  650 
and  65  or  585  volts.  The  ratio  of  260  to  585  is  0.444.  This 
means  that  44.4  per  cent  of  the  acceleration  time  is  consumed 
while  the  motors  are  in  series  and  55.6  per  cent  of  the  time 
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in  parallel.  The  number  of  seconds  in  this  prol)lem  for  the 
series  operation  is  44.4  per  cent  of  45  or  20  seconds.  It  has 
been  shown  that  the  average  voltage  is  260  volts,  so  that  the 
kilowatt-hours  energy  loss  in  the  resistance  while  the  motors 
are  in  series  is : 

260  volts  X  2000  amperes  X  20  seconds        ^  oo  i       , 

^- =  2.89  kw-hrs. 

36CO  X  1000 

When  the  motors  are  first  connected  in  parallel  the  voltage 
across  each  motor  is,  of  course,  one-half  of  the  line  voltage,  or 
325  volts,  the  resistance  taking  care  of  the  other  50  per  cent. 
This  loss  in  the  resistance  of  50  per  cent  is  reduced  to  zero 
when  all  the  resistance  is  cut  out.  The  average  loss  in  parallel 
is  then  25  per  cent  or  162.5  volts.  The  time  in  parallel  is 
55.6  per  cent  or  25  seconds — see  preceding  paragraph — so 
that  the  loss  in  parallel  measured  in  kilowatt-hours  is 

162.5  volts  X  4000  amps.  X  25  seconds        .  r-,  , 

— ^ — ~ =  4.51  kw-hrs. 

3600  X  1000 

and  the  total  loss  in  the  resistance  is 

2.89  +  4.51  =  7.40  kw-hrs. 

The  useful  energy  for  the  motors  has  not  changed,  but  re- 
mains the  same  or  17.9  kw-hrs.  (See  discussion  of  Rheostatic 
Control.)    The  total  input  then  is 

17.9  -f  7.40  =  25.30  kw-hrs. 

which  shows  a  saving  in  the  total  energy  input  of  approxi- 
mately 25  per  cent  when  compared  with  rheostatic  control. 
Energy  Loss — Series,  Series- Parallel,  Parallel  Control. — A 

further  reduction  in  the  total  energy  consumed  by  the  resist- 
ance can  be  obtained  if  the  motors  are  connected  first,  four  in 
series,  then  series-parallel,  and  finally  all  in  parallel.  With  the 
four  motors  in  series  40  per  cent  of  the  voltage  is  taken  by 
the  motors  in  series  so  that  only  60  per  cent,  or  300  volts,  will 
be  lost  in  the  resistance.  The  average  voltage  loss  during  the 
time  the  four  motors  are  in  series  is  half  of  60  per  cent  or 
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30  per  cent  of  the  line  voltage,  and  amounts  to  195  volts. 
The  time  factor  is  obtained  as  before  and  is  the  ratio  of  the 
back  e.m.f.  of  the  motors  when  operating  without  resistance 
and  at  the  voltages.  The  back  e.m.f.  of  the  motors  when  con- 
nected four  in  series  is 


650  volts 


65  volts  =  97.5  volts 


The  back  e.m.f.  of  the  motors  when  in  parallel  is,  as  shown 
before,  585  volts.  The  ratio  of  97.5  to  585  is  0.166.  This 
means  that  for  16.6  per  cent,  of  the  acceleration  time,  the  four 
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Fig.  48 — Energy  Consumption  and  Resistance  Losses. 
Series,   Series-Parallel,   Parallel   Control. 

motors  are  in  series.  In  this  particular  case,  where  45  seconds 
is  the  total  time,  the  elapsed  time  of  series  operation  is  7.5 
seconds. 

The  total  energy  at  start  is  1,000  amperes  X  650  volts  ^  650 
kw. ;  in  Fig.  48  it  is  the  line  cd.  The  saving  in  energy  or  sav- 
ing in  loss  in  the  resistance  by  connecting  the  four  motors  in 
series  as  the  first  combination  is  ecjual  to  the  area  cdch,  and  is 
ecjuivalent  to 

7.5  seconds  X  650  kw, 


3600 


-zr:  1 .35  kw-hrs. 


Therefore  the  total  loss  in  the  resistance  is  the  difference  be- 
tween 7.40  and  1.35,  or  6.05  kw.-hrs.,  and  the  total  energy 
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input  will  be  the  difference  between  25.30  and  1.35,  or  23.95 
kw.-hrs. 

Energy  Consumption  and  Resistance  Losses. — The  sum- 
mary of  the  foregoing  calculations  is  as  follows : 

Total  Loss 

Arvangement  Energy  Input  in  Resistance 

Rheostatic    32.5  kw.-hrs.         14.63  kw.-hrs. 

Series-Parallel    25.30      "  7.40 

Series,  Series-Parallel,    Parallel    23.95      "  6.05 

Formulas. — The  foregoing  results  have  been  worked  out  for 
a  specific  problem,  but  since  definite  percentages  of  time  are 
required  to  reach  the  transition  points  it  is  possible  to  make 
use  of  formulas  so  that  any  problem  can  be  worked  out  rapidly 
without  going  through  all  of  the  calculations  just  explained. 
These  formulas  are  as  follows : 


Let    A  =  accelerating  or  starting  current  per  motor. 

V  =   trolley  voltage. 
"      T  ^  time  in  seconds   to  reach  speed  with  all   resistance  cut  out  and 

motors  in  full  parallel. 
"     W  =  watt-seconds  taken  from  the  line. 
"     W/R  =^  watt-seccnds  lost  in  resistance. 
"     W/M  =^  watt-seconds  used  by  motors. 

Then  for  Rheostatic  Control 

W  =  4  A  V  T. 

W/R  =  4  A  X  0.45  X  T  =  1.8  A  V  T. 

W/M  =  W  —  W/R  =  2.2  A  V  T. 

For  Series-Parallel  Control 

W  =  (2  A  V  X  0.444  T)  +  (4  A  V  X  0.556  T)  =  3.112  A  V  T. 
W/R  =  (2  A  X  0.4  V  X  0.444  T)  +  (4  A  X  0.25  V  X  0.556  T) 

=  0.911  A  VT. 
W/M  =  W  —  W/R  =  2.2  A  V  T. 

For  Series,  Series-Parallel,  Parallel  Control 

W  =  (A  V  X  0.166  T)  -h  (2  A  V  X  0.278  T)  +  (4  A  V  X  0.556  T) 

=  2.945  A  V  T. 
W/R  =  0.911  A  V  T  —  0.166  A  V  T  =  0.745  A  V  T. 
W/M  =  W  —  W/R  =  2.2  A  V  T. 

These  formulas  cover  a  four-motor  equipment ;  for  two- 
motor  equipments  the  values  are  one-half. 

Notching  Diagram. — For  the  purpose  of  constructing  the 
diagrams  in  Figs.  46,  47,  and  48,  it  was  assumed  that  the  cur- 
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rent,  hence  the  watts  input,  was  constant  and  that  the  volt- 
age at  the  motors  varied  uniformly.  For  general  calcula- 
tions this  assumption  is  correct,  as  the  average  values  can  be 
assumed.  Actually,  however,  there  is  a  variation  in  the  cur- 
rent. When  a  resistance  step  is  cut  out  the  current  increases, 
as  additional  voltage  is  applied  to  the  motor.  With  the  in- 
crease in  voltage  the  speed  of  the  motor  becomes  greater,  the 
counter  electromotive  force  increases,  and  the  curi-ent  becomes 
less.  How  the  current  and  the  voltage  change  at  the  motors 
as  the  control  is  operated,  is  shown  approximately,  in  Fig.  49, 
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Fig.  49 — Changes  in  Current  and  Voltage  at  the  Motors 
as   the   Control   is   Operated. 


which  also  illustrates  the  efifect  of  rheostatic  control,  but  the 
same  features  are  true  of  the  other  motor  arrangements.  The 
curves  in  Figs.  46,  47,  and  48  show  values  in  kilowatts,  and  for 
exact  calculations  should  be  drawn  in  the  same  manner  as  the 
curve  of  current  in  Fig.  49.  The  line  voltage  is  constant  so  that 
the  watts  vary  as  the  current,  the  curve  of  which — Fig.  49 — 
represents  also  the  kilowatt  curve. 

Field  Control. — There  is  another  method  of  reducing  still 
further  the  amount  of  energy  lost  in  the  resistance  and  thus 
obtaining  more  efficient  operation.  This  method  utilizes  what 
is  known  as  field  control,  which  regulates  the  speed  of  the 
motor  by  varying  the  number  of  eiTective  field  turns.  This 
arrangement  is  particularly  desirable  for  electric  locomotives, 
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and  has  been  applied  to  the  a.c-d.c.  passenger  locomotives  in 
use  on  the  N.  Y.,  N.  H.  &  H.  The  Pennsylvania  locomotives 
operating  into  New  York  City  also  have  field  control. 

The  field  control  motor  has  two  sets  of  field  windings.  In 
large  motors  these  windings  are  separate,  but  in  smaller 
motors  there  may  be  only  one  set  of  field  coils  with  a  tap,  so 
that  if  connection  is  made  to  the  tap  lead  only  a  part  of  the 
field  turns  will  be  used. 

When  starting  the  motor,  the  entire  field  is  in  the  circuit  and 
will  have  extra  strength  due  to  the  extra  turns  of  wire  around 
the  poles  so  that  for  the  same  acceleration,  i.e.,  the  same 
tractive  effort,  the  current  required  is  less  than  with  the  other 
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Fig.  50 — Schematic    Diagram    Showing    Main    Circuits   of   a 
Locomotive  on  Which  Field  Control  is  Used. 

methods  of  control  just  explained,  less  current  being  required 
to  give  the  same  ampere-turns  and  hence  field  strength. 

In  the  case  of  a  series  motor  the  field  strength  determines 
the  speed,  the  effect  of  the  stronger  or  full  field  being  to  lower 
the  speed.  Lower  cvirrent  means  a  reduction  in  the  resistance 
losses,  and  a  slower  speed  means  that  the  resistance  is  cut  out 
sooner,  which  also  reduces  the  losses. 

To  get  a  field-control  motor  up  to  the  same  speed  as  a  motor 
without  field-control,  some  of  the  field  turns  are  cut  out  of  the 
circuit,  the  field  is  weakened  and  thus  the  motor  speeds  up. 
This  change  to  the  short  field  is  made  without  incurring  main 
resistance  losses. 

An  important  advantage  of  field-control  is  that  many  eco- 
nomical rimning  speeds  are  available.    With  the  series-parallel 
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arrang-ement  of  motors,  for  four-motor  locomotives,  there  are 
normally  only  two  running  speeds — series  and  parallel — but 
with  field-control  motors  there  would  be  four  speeds,  two  in 
series  and  two  in  parallel.  One  of  the  series  speeds  would  be 
obtained  with  the  motors  running  on  the  full  field  and  the 
other,  with  the  motors  running  on  the  short  field.  The  same  is 
true  for  the  two  speeds  in  parallel. 

As  previously  mentioned,  the  Pennsylvania  electric  locomo- 
tives operating  into  the  New  York  City  terminal  are  a  good 
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Fig.  51 — Sequence  of  Switches  for  Diagram  of  Connections 
Shown  in  Fig.  50. 

example  of  what  can  be  accomplished  l)y  the  use  of  field-con- 
trol. 

The  change  from  full  field  to  short  field  is  made  in  three 
steps.  For  the  first  two  steps  there  is  resistance  in  parallel 
with  the  field,  shunting  away  some  of  the  current  and  thus 
weakening  it ;  the  third  step  disconnects  half  of  the  field.  Dur- 
ing acceleration  the  energy  saved  by  the  field  control  is  45  per 
cent  of  that  w^hich  would  be  consumed  if  field  control  were  not 
used.  Moreover,  from  full  field  to  short  field  when  the  locomo- 
tive is  exerting  approximately  20,000  lb.  drawbar  pull,  the 
speed  increases  by  as  much  as  37  per  cent. 

A  schematic  diagram  of  the  main  circuits  of  the  locomotive, 
together  with  the  sequence  of  switches  is  shown  in  Figs.  50 
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and  51.  The  arrangement  is  nearly  as  simple  as  the  diagram 
used  in  the  previous  chapter  to  illustrate  the  bridging  method 
of  control;  there  are  a  few  more  resistance  steps  and  the 
added  feature  of  field  control. 

The  field  variation  is  obtained — see  Fig.  50 — for  the  No.  1 
motor  by  closing  switches  Nos.  7,  8,  and  9.  The  other  four 
switches  of  the  field  group,  namely,  Nos.  3,  4,  5,  and  6,  are  to 
regulate  the  direction  of  the  current  through  the  fields  and 
hence  the  direction  of  rotation  of  the  motor.  When  switches 
No.  3  and  No.  6  are  closed,  the  current  pases  through  the  No. 
1  and  No.  2  field  coils  in  one  direction,  and  in  the  opposite 
direction  if  switches  No.  4  and  No.  5  are  closed. 

Assuming  that  switches  No.  3  and  No.  6  are  closed,  field  con- 
trol is  obtained  in  the  following  manner.     First,  switch  No.  7 
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Fig.  52 — Energy  Consumption  and  Rheostatic  Losses — Field  Control. 


closes  and  a  resistance  which  shunts  away  from  field  of  motor 
No.  2  part  of  the  current  which  has  passed  through  field  of 
motor  No.  1  is  connected  in  the  circuit.  The  total  field 
strength  is  therefore  weakened  and  the  locomotive  gains 
speed.  Switch  No.  8,  by  which  more  current  is  shunted  away 
from  the  field  of  motor  No.  2,  closes  next,  followed  by  the 
closing  of  switch  No.  9,  which  cuts  out  the  field  of  motor  No. 
2  entirely. 

As  previously  mentioned,  the  saving  due  to  field  control  re- 
sults from  the  fact  that  less  resistance  is  required,  and  also  a 
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lower  current  during  acceleration.  The  curve  c  d  c  g  k — Fig. 
52 — is  the  kilowatt  curve  of  the  locomotive  without  field-con- 
trol, and  is  identical  with  the  corresponding  curve  in  Fig.  47. 
When  field  control  is  used,  the  kilowatt  curve  for  series  opera- 
tion is  inn,  instead  of  cd;  and  in  parallel  operation  ///,  instead 
of  eg.  The  complete  curve  with  field  control  is  then  ;n  n  d  f  h 
g  k;  the  saving  of  energy  is  represented  by  the  areas  indicated. 

Energy  Losses — High- Voltage  Direct  Current. — All  of  the 
preceding  discussion  has  dealt  with  locomotives  using  direct 
current  at  600  volts.  In  general,  the  same  holds  true  for  the 
high-voltage  direct-current  locomotives,  and  calculation  can 
be  made  in  the  same  way.  Resistance  is  used  according  to  the 
same  general  arrangements,  and  while  the  motors  are  perma- 
nently grouped,  the  individual  groups  are  considered  as  one 
unit,  and  are  connected  in  series  and  in  parallel. 

Energy  Losses — Alternating  Current. — As  shown  in  Fig. 
44,  no  resistance  is  used  with  the  single-phase  locomotive  so 
that  there  can  be  no  rheostatic  losses.  There  are,  however, 
some  losses  in  the  transformer  and  in  the  preventive  coils. 

In  the  case  of  the  three-phase  and  the  split-phase  locomo- 
tives, resistance  is  used  in  the  secondary  winding  and  hence 
there  are  rheostatic  losses.  There  is  no  connection  between 
the  secondary  and  primary,  but  the  losses  in  the  secondary, 
nevertheless,  represent  power  input  which  is  expended  in  the 
primary  but  merely  supplies  the  rheostatic  losses  in  the  sec- 
ondary instead  of  doing  useful  work.  The  motors  are  perma- 
nently connected  in  parallel  so  that  the  energy  losses  are,  in 
general,  similar  to  direct-current  losses  when  the  motors  are 
permanently  connected  in  parallel. 


CHAPTER  XV 

REGENERATIVE  BRAKING  WITH  ELECTRIC 
LOCOMOTIVES 

The  hauling  of  freight  over  the  heavy  grades  of  mountain 
divisions  is  a  class  of  service  in  which  the  electric  locomotive 
has  an  important  advantage  and  cne  which  cannot  be  realized 
by  the  steam  locomotive.  This  advantage  is  due  to  the  fact 
that  the  electric  locomotive  makes  use  of  regeneration,  and 
delivers  to  the  line,  energy  which  is  available  when  a  train 
descends  a  grade,  and  which,  with  steam  operation,  is  dissi- 
pated as  heat  at  the  brake  shoes.  The  delivery  of  this  energy 
to  the  electrical  conductor,  helps  to  supply  power  to  other 
trains  so  that  the  demand  uj^on  the  main  power  station  is  less 
than  would  be  the  case  without  regeneration. 

Available  Energy  on  Grades. — Considerable  energy  is  avail- 
able \vhen  a  heavy  freight  train  or  passenger  train  is  running 
down  grade.  It  may  be  assumed,  for  example,  that  a  3000-ton 
train  is  running  down  a  2  per  cent  grade  at  the  rate  of  14  miles 
per  hour.  The  horsepower  available  can  be  calculated  in  the 
following  way.  For  each  1  per  cent  grade  the  down-pull  along 
the  grade  is  20  lb.  per  ton — see  Grade  Resistance,  Chapter  XI 
— so  that  on  a  2  per  cent  grade  there  will  be  40  lb.  per  ton, 
minus  the  friction  of  the  train,  which,  in  this  case,  may  be 
assumed  as  6  lb.  per  ton.  There  is  then  a  net  amount  of  34  lb. 
per  ton.  Since  the  internal  friction  is  greater,  the  grade-pull 
of  the  locomotive  would  be  proportionately  less,  a  fair  allow- 
ance being  40  lb.  minus  15  lb.,  or  25  lb.  W^ith  a  3000-ton  train 
made  up  of  a  3000-ton  trailing  load  and  a  250-ton  locomotive, 
the  total  grade-pull  would  be 

3000  X  34  =  102.000  lb. 
250  X  25  =  _6,2^0  lb. 

108,250  lb. 

The  speed  in  feet  per  minute  at  14  miles  per  hour  is  1232,  so 

lis 
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that  the  horsepower  to  be  dissipated  at  the  brakeshoes  as  heat, 
or  else  is  available  for  regeneration  is 

108,250  X  1232 

33,000 =  4041hp. 

Returning  electric  power  to  the  conductor  or  line  means 
that  electric  power  is  actually  generated  on  the  locomotive  or, 
in  other  words,  the  mechanical  horsepower  developed  on  the 
down-grade  is  converted  into  electrical  watts.  To  accomplish 
this,  the  electric  motors,  which  normally  supply  the  motive 
power  for  the  propulsion  of  the  train  are  used  as  generators. 
Since  the  motors  on  the  electric  locomotive  are  always  con- 
nected to  the  axles  by  gearing,  side  rods,  or  a  combination  of 
both,  these  motors  revolve  at  all  times  with  the  revolution  of 
the  drivers.  If  the  mechanical  and  electrical  efificiencies  are 
neglected,  the  transformation  of  power  takes  place  according 
to  the  relation,  746  watts  equal  1  horsepower.  A  method  is  pro- 
vided for  controlling  the  amount  of  electrical  power  returned, 
so  that  this  electrical  power  can  be  kept  constant  or  can  be 
varied  to  absorb  the  amount  of  energy  available  on  the  grade 
which  the  train  is  descending.  This  regulation  makes  it  possi- 
ble—within limits — to  absorb  this  kinetic  energy  of  the  train 
and  to  regenerate  sufficient  power  so  that  the  speed  of  the 
train  down  the  grade  is  under  perfect  control  without  the  use 
of  air  brakes,  which  can  be  held  in  reserve  either  for  an  emer- 
gency or  for  stopping  the  train. 

While,  in  general,  regeneration  is  the  same  for  all  systems, 
in  that  it  provides  a  means  for  retardation  of  the  train  and  for 
supplying  power  to  the  line,  still  there  is  some  difference.  In 
order  to  understand  what  takes  place  it  may  be  well  to  review 
some  of  the  fundamental  principles  of  the  electric  motor,  and 
to  consider  the  subject  of  regeneration  under  two  different 
headings,  namely:  first,  regeneration  with  direct-current  mo- 
tors or  with  single-phase  series  variable-speed  motors,  and, 
second,  with  three-phase  or  constant-speed  motors. 

Direct -Current  Regeneration. — In  the  case  of  a  direct-cur- 
rent application,  it  will  be  assumed  that  the  motors  are  of  the 
series,  commutating  type,  this  design  of  motor  having  the 
proper  characteristics  for  general  railway  work. 

The  series  motor,  as  previously  described — Chapter  VI — 
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gets  its  name  from  the  arrangement  of  the  connections  be- 
tween the  armature  and  the  field,  these  two  parts  of  the  motor 
being  connected  in  series,  so  that  the  same  current  which 
passes  through  the  armature  also  passes  through  the  field 
coils.  The  connections  are  shown  in  Fig.  53.  The  path  taken 
by  the  current  causes  the  strength  of  the  field  to  vary  with  the 
armature  or  load  current,  so  that  both  the  speed  and  the 
torque  of  the  motor  are  atTected.  The  pull,  or  torqvie,  being 
represented  by  the  product  of  the  field  strength  multiplied  by 
the  armature  current — Chapter  VI — increases  rapidly  with  the 
increasing  current  which  results  when  the  speed  is  decreased. 

In  order  to  regenerate  with  the  direct-current  system,  the 
voltage  generated  by  the  motors  must  be  greater  than  the 
voltage  or  pressure  on  the  electrical  conductor,  and  this  gen- 


A= Armature      F= Fields 
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Fig.  S3 — Diagram  of  Series  Connections  for  Armature  and 
'\  Field  of  Series  Motor. 

erated  pressure  must  be  under  control.  The  conditions  to  be 
met  are  analogous  to  those  found  when  the  attempt. is.  made 
to  force  water  into  a  pipe  which  is  already  under  pressure ;  a 
greater  pressure  must  be  used  to  overcome  this  pressure-^in 
the  pipe.  The  motors  must  therefore  become,  for  the  time 
being,  electric  generators.  While  it  is  true  that  if  the  fields 
are  reversed,  a  series  motor  can  be  made  to  generate  current 
and  act  in  the  capacity  of  a  generator,  operation  under  this 
condition  is  very  unstable,  so  that  it  is  necessary  to. make  cer- 
tain changes  in  the  motor  connections  in  order  to  control  sat- 
isfactorily, the  voltage  generated;  there  are  certain  vital  con- 
ditions which  must  be  jnet  and  overcome. 

Controlling  apparatus  must  be  provided  so  as  to  take  care 
of  variable  conditions  which  are  met  in  the  direct-current  sys- 
tem. For  instance,  the  line  voltage  at  a  locomotive  which  is 
regenerating,  may  suddenly  be  reduced,  due  to  heavy  trains 
starting  up  in  the  immediate  vicinity.  Under  these  conditions 
with  a  certain  voltage  being  generated  by  the  motors,  the  re- 
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generated  current  will  immediately  increase.  With  the  motors 
connected  as  series  motors,  this  immediately  will  increase  the 
field  strength,  which  in  turn  will  cause  the  regenerated  cur- 
rent to  increase  so  that  an  excessive  overload  will  be  thrown  on 
the  entire  equipment. 

On  the  other  hand,  if  the  line  voltage  should  rise  after  a  cer- 
tain stable  voltage  existed  on  the  motors,  then  the  difiference 
between  them  would  be  less,  and  result  in  a  decrease  of  re- 
generated current.  The  field  excitation  would,  therefore,  be 
decreased  and  a  further  decrease  in  current  would  result  and 
possibly  the  regenerated  current  might  be  reduced  to  zero. 
If  this  condition  persisted  still  further,  there  would  be  exces- 
sive current  in  the  opposite  direction  and  serious  difficulties 
would  result.     In  fact,  these  changes  could  happen  so  quickly 
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Fig.    54 — Diagram   of    Connections    for   Armature 
and  Field  of   Shunt  Motors. 

and  frequently  that  the  time  element  of  relays  and  controlling 
apparatus  could  hardly  be  made  sensitive  enough  to  properly 
safeguard  and  yet  be  eflfective. 

The  question,  therefore,  becomes  one  of  separating  the  fields 
from  the  armature,  and  exciting  the  fields  of  the  motor  from 
some  separate  source,  as  shown  in  Fig.  54.  The  main  fields  of 
the  d.c.  motors  consist  of  a  very  few  turns,  having  low  resist- 
ance, so  that  it  would  be  impossible  to  excite  these  fields  from 
the  main  voltage  supply,  as  the  excitation  would  be  too  great 
for  the  voltage  desired.  Instead  of  series  generators,  there- 
fore, the  luotors  are  used  as  shunt  generators,  and  by  adjust- 
ing and  controlling  the  amount  of  current  in  the  separately 
excited  field,  the  strength  of  the  field  and  the  number  of  lines 
of  force  are  so  regulated  that  sufficient  voltage  can  be  gen- 
erated in  the  armature  to  force  current  into  the  line  against 
the  line  voltage. 

There  are  many  methods  possible  in  connection  with  this 
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separate  excitation.  The  fields  can  be  separately  excited  from 
some  source  such  as  a  storage  battery,  but  a  better  and  more 
practical  arrangement  is  to  furnish  this  power  from  a  motor- 
generator  set.  Any  scheme,  to  be  efifective,  must  be  automatic 
within  limits  so  as  to  secure  motor  stability  and  weaken  the 
field  when  the  regenerated  current  increases,  due  to  a  mom- 
entary drop  in  the  line  voltage.  The  equipment  must  also  be 
operative  under  reverse  conditions  wherein  the  line  voltage 
increases. 

After  this  separation  of  the  field  from  the  armature,  the 
motor — now  used  as  a  generator — is  no  longer  the  self-con- 
tained and  automatic  unit  which  it  is  when  operating  as  a 
motor,  under  which  condition,  the  field  strength  and  the  arma- 
ture current  are  always  equal  or  in  proportion  to  each  other, 
and  the  operation  of  the  motor  automatically,  is  stable. 

When  operating  as  the  generator  the  conditions  are  entirely 
different.  The  field  strength  is  no  longer  in  proportion  to  the 
armature  strength ;  when  the  motor  is  running  at  high  speed, 
a  very  low  field  excitation  is  all  that  is  necessary  to  give  the 
desired  voltage  for  regeneration,  and  there  exists  a  certain 
distortion  of  the  armature  flux.  The  torque,  however,  which 
this  motor,  operating  as  a  generator,  exerts  during  the  absorp- 
tion of  the  mechanical  energy  of  the  train  is  proportional  to 
the  product  of  the  armature  current  and  the  field  strength.  It 
also  follows  that  at  high  speed  with  the  low  field  strength, 
the  armature  current  must  be  relatively  large  in  comparison 
to  the  field,  and  this  results  in  distortion  of  the  armature 
flux,  as  previously  mentioned.  With  the  elaborate  system  of 
control  on  the  locomotives,  it  is  possible  to  make  use  of  the 
starting  resistances,  etc.,  and  reverse  the  operations  that  take 
place  when  accelerating  the  train,  and  when  operating  at  high 
speed  the  armature  current  can  be  kept  within  certain  limits 
proportional  to  the  field  strength.  Under  these  conditions  it 
may  be  recognized  that  the  braking  effort  or  retardation  is  not 
at  a  maximum  value,  but  as  the  speed  of  the  train  is  reduced, 
then  retardation  can  be  gradualy  increased. 

In  view  of  these  conditions  it  can  be  clearly  seen  that  a 
means  must  be  provided  for  the  prevention  of  undue  surges  of 
armature  current.  When  the  change  is  made  to  regeneration, 
the  excitation  must  be  such  that  upon  connecting  the  motors 
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to  the  line,  as  generators,  the  voltage  is  approximately  equal 
to  the  line  voltage.  Moreover,  mechanical  conditions  such  as 
differences  in  the  air  gaps  of  the  motors,  diameters  of  driving 
wheels,  etc.,  which  will  result  in  different  characteristics  of 
the  individual  generators,  must  be  anticipated  and  arranged 
for,  so  that  the  load  will  be  proportionately  divided  between 
the  various  motors.  The  automatic  regenerating  control  must 
also  be  such  that  the  regeneration  effort  will  not  be  too  quickly 
applied. 

All  of  these  conditions  have  been  met  by  the  electrical  en- 
gineers and  successful  regeneration  braking  has  been  accom- 
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Fig.  55 — Connections  for  Direct-Current  Regeneration  System 
Using  Stabilizing  Resistance  and  Axle-Driven  Generator. 

plished  for  direct-current  electric  locomotives,  with  a  mini- 
mum amount  of  excess  apparatus,  additional  complications 
being  practically  negligible. 

Regenerative  braking  is  in  use  on  the  passenger  locomotives 
of  the  Chicago,  Milwaukee  &  St.  Paul.  A  stabilizing  resistance 
is  used,  and  causes  the  field  current  in  the  motor^acting  as  a 
generator — to  vary  inversely  as  the  regenerated  current  so 
that  sudden  changes  in  line  voltage  do  not  affect  the  motor, 
and  it  is  thus  protected.  The  excitation  ctirrent  for  the  motor 
fields  during  regeneration  is  not'stipplied  by  a  motor-generator 
set,  but  by  a  generator  driven  from  one  of  the  axles  of  the 
leading  truck. 

The  use  of  the  stabilizing  resistance  and  axle-driven  gen- 
erator has  advantages  over  other  schemes,  and  deserves  ex- 
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planation.  The  connections  when  regenerating  are  shown  in 
Fig.  55.  When  the  motor  is  regenerating,  current  is  then  pass- 
ing through  the  motor  armature,  A,  into  the  line,  and  in  order 
to  have  a  complete  circuit,  an  equal  current  must  flow  back 
from  the  rails,  through  the  ground  connection,  then  through 
the  stabilizing  resistance  to  the  motor  armature.  With  this 
regenerated  current  there  is  a  certain  IR,  or  voltage  drop,  in 
the  stabilizing  resistance.  It  will  also  be  noted  from  the  dia- 
gram— Fig.  55 — that  the  armature  of  the  axle  generator  is  not 
connected  directly  to  the  motor  field,  F,  but  that  the  stabilizing 
resistance,  R,  is  also  in  the  circuit.  The  excitation  of  the  axle- 
driven  generator  is  sufficient  under  these  conditions  to  gen- 
erate voltage  in  the  armature,  G,  such  that  there  will  be 
enough  current  through  F  to  give  proper  voltage  for  regener- 
ating. The  amount  of  current  in  this  circuit  depends  on  the 
voltage  of  G,  the  resistance  of  the  motor  field,  F,  and  the  IR 
drop  in  the  resistance. 

The  action  of  the  automatic  feature  may  be  described  by  ex- 
plaining what  occurs  when  the  line  voltage  suddenly  drops. 
Immediately  the  motor  armature,  A,  delivers  more  regener- 
ated current  and  this  increased  current  returning  through  the 
stabilizing  resistance  increases  the  IR  drop,  or,  in  other  words, 
the  voltage  across  ab  is  increased.  Since  the  voltage  from  G 
has  not  been  changed,  the  current  through  the  motor  field 
must  be  decreased,  and  with  the  decreased  excitation  the  volt- 
age across  the  armature.  A,  must  decrease  and  the  regener- 
ated current,  therefore,  decreases  also.  The  reverse  is  also 
true.  If  the  voltage  suddenly  rises,  the  regenerated  current 
becomes  weaker,  the  IR  drop  across  the  resistance,  R,  is  re- 
duced, so  that  the  current  in  the  field,  F,  and  the  motor  volt- 
age increase  and  tend  to  maintain  the  regeneration.  The 
operation  is  automatic  and  the  motors  are  protected. 

Whenever  the  speed  of  the  locomotive  increases,  due  to  a 
change  in  grade,  the  voltage  of  the  axle  generator  increases 
and  the  excitation  of  the  main  field,  F,  is  strengthened.  This 
will  increase  the  regenerated  current,  but  the  IR  drop  also  will 
increase  and  the  excitation  will  be  reduced,  until  a  new  bal- 
anced speed  is  set  up  automatically. 

If  a  locomotive's  equipment  includes  four  or  more  motors, 
a  wide  variation  of  speed  during  regeneration  can  be  obtained 
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by  combining  the  motors  according  to  parallel  and  series  con- 
nections which  are  reversed  as  compared  to  the  manner  in 
which  these  connections  are  used  when  the  locomotive  is  pull- 
ing. For  instance,  during  acceleration,  the  motors  of  the  loco- 
motive are  operated  in  combination,  starting,  in  the  case  of 
the  four-motor  equipment,  with  the  four  motors  in  series,  then 
changing  to  two  motors  in  parallel  and  these  two  parallel  sets 
in  series,  and  finally  changing  to  four  motors  in  parallel. 
Three  running  speeds  are  thus  possible  with  these  combina- 
tions. In  the  case  of  a  freight  locomotive,  the  usual  rates  are 
8  miles  an  hour,  with  four  motors  in  series,  16  miles  an  hour 
with  the  second  arrangement,  and  32  miles  an  hour  with  all 
four  motors  in  parallel. 

When  regenerating  with  a  locomotive  running  at  a  speed 
of  approximately  32  miles  an  hour,  the  motors  would  be  used 
as  four  in  parallel,  and  when  the  train  speed  had  decreased  to 
16  miles  an  hour  the  combination  would  be  changed  to  that 
with  two  motors  in  parallel  and  two  in  series,  and  when  a  fur- 
ther reduction  in  speed  takes  place,  the  motors  would  be  con- 
nected four  in  series.  The  reason  for  changing  the  combina- 
tion is  that,  as  the  speed  of  the  train  decreases,  the  control 
must  be  such  as  to  allow  more  current  to  pass  through  the 
fields  of  the  motors.  In  this  way,  the  principle  that  a  certain 
number  of  lines  of  force  must  be  cut  during  a  certain  time  to 
generate  a  given  voltage,  is  applied,  and  the  voltage  of  the 
motors  is  kept  higher  than  the  line  voltage.  The  reduction  in 
speed  reduces  the  rate  of  cutting  these  lines  of  force,  so  that 
it  is  necessary  to  increase  the  number  of  lines  in  order  that  the 
total  number  of  lines  which  are  cut  will  continue  to  remain 
the  same. 

There  is  a  limit  to  the  lowest  speed,  below  which  point  it  is 
not  possible  to  keep  up  the  field  strength,  hence  the  voltage 
becomes  less  than  the  line  voltage  and  regeneration  stops  un- 
less the  motors  are  put  into  the  second  combination,  when  two 
motors  are  in  series,  the  voltages  being  added  together  to 
force  current  against  the  line  voltage.  In  the  final  arrange- 
ment under  regeneration,  namely,  with  four  motors  in  series, 
all  four  voltages  are  added  together  to  oppose  the  line  voltage. 
The  arrangement  is  analogous  to  a  water  system,  where  there 
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is  a  double-acting  pump  or  compressor,  and  the  air  pressure 
or  water  pressure  obtained  from  the  first  section  of  the  system 
passes  into  a  high-pressure  cylinder,  where  the  pressure  is  in- 
creased to  a  higher  amount,  by  the  movement  of  the  second 
piston. 

Single-Phase  Regeneration. — Regeneration  with  the  single- 
phase  series  commutating-motor  system,  is  possible  and  it  is 
interesting  to  see  just  how  this  is  accomplished.  The  single- 
phase  system  uses  a  higher  voltage  for  the  overhead  wire, 
usually  11,000  volts.  Transformers  are  used  on  the  locomo- 
tive to  reduce  this  high  voltage  to  a  voltage  suitable  for  the 

11,000  Vol^s    Overhead  Wire 


Fig.  56 — -Diagrammatic  Connections   for   Regeneration 
with  Single-Phase  Locomotive. 


operation  of  the  motors,  taps  being  taken  out  at  the  proper 
voltages. 

A  diagrammatic  sketch  of  the  connections  used  for  regene- 
ration with  a  single-phase,  series,  commutator-type  of  loco- 
motive is  shown  in  Fig.  56.  If  11,000  volts  is  applied  at  the 
lead,  A,  of  the  transformer  which  is  represented  by  the  loops 
as  shown,  a  small  amount  of  current,  known  as  exciting  cur- 
rent, will  pass  through  the  coils  and  out  at  the  lead  B,  which  is 
connected  to  the  ground.  If  it  were  possible  to  measure,  be- 
ginning at  lead.  A,  the  voltage  throughout  all  of  the  turns  of 
the  transformer,  it  would  be  found  that  there  is  a  decrease  in 
voltage  as  progress  is  made  along  the  coils  from  A  toward  B 
until  zero  voltage  is  obtained  at  B.    Thus  it  is  possible  to  get 
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any  desired  value  of  voltage  by  connecting  to  the  coil  at  the 
proper  point,  a  cable  which  can  be  brought  out  of  the  trans- 
former case.    This  cable  is  known  as  a  tap. 

For  the  supply  of  excitation  current,  a  motor-generator  set 
can  be  used  as  explained  for  the  direct-current  arrangement, 
but  another  satisfactory  arrangement  for  alternating-current 
single-phase  operation  is  one  in  which  one  motor  of  the  four 
on  the  locomotive  is  used  as  a  generator  for  furnishing  current 
to  excite  the  fields  of  the  other  three,  only  the  latter,  delivering 
power  to  the  line.  As  shown  in  the  diagram,  motor  No.  1  is 
used  as  a  generator  and  furnishes  current  to  the  fields  Fg,  F.., 
and  F4.  The  corresponding  armatures  generate  current  which 
passes  to  the  transformer  through  the  lead,  C. 

As  the  speed  of  the  locomotive  decreases,  the  voltage  from 
the  motors  can  always  be  kept  at  a  sufficient  value  to  regene- 
rate by  strengthening  the  current  to  the  field  of  these  motors. 
This  is  accomplished  by  increasing  the  strength  of  the  field  of 
the  No.  1  mt)tor  by  connecting  the  lead,  D,  to  a  suitable  volt- 
age tap  either  higher  or  lower.  Moreover,  it  is  possible  to  get 
additional  variation  by  moving  the  lead,  C,  to  a  higher  or  lower 
tap.  As  a  result  of  these  adjustments,  the  regenerated  voltage 
can  be  maintained  slightly  above  the  line  voltage  over  a  wide 
range  of  train  speeds.  For  convenience,  the  transformer  has 
been  shown  as  an  auto-transformer,  one  end,  A.  of  which  is 
connected  to  the  11,000  volts  and  the  other,  B.  to  the  ground. 
With  a  certain  voltage  at  C,  generated  by  the  motors  Nos. 
2,  3  and  4,  the  voltage  can  be  increased  at  A,  according  to  the 

^.       AB 

ratio    — 7^z:r—  ■ 

CD 
In  the  cases  of  both  the  direct-current  and  the  single-phase 
systems,  the  inherent  working  principle  is  the  maintenance 
of  a  voltage  or  electrical  pressure  at  the  regenerating  machine, 
higher  than  that  of  the  distril^uting  system  to  which  it  is  con- 
nected. If  the  voltage  of  the  distril)uting  system  could  be 
kept  constant,  regeneration  with  direct  current  would  be  sim- 
plified. But  in  railway  service  there  are  varying  conditions, 
due  to  the  movement  of  trains  and  the  variation  in  grades  and 
curves,  and  although  regeneration  with  direct  current  works 
most  satisfactorily,  the  locomotives  driven  by  three-phase  mo- 
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tors  are  generally  considered  superior,  as  far  as  simplicity  is 
concerned. 

Regeneration  with  Three-Phase  Motors. — Before  going  into 
the  details  of  regeneration  with  three-phase  motors,  it  may  be 
well  to  review  some  of  the  principles  of  these  motors. 

The  polyphase  motor  is  a  constant-speed  type  and  its  speed 
does  not  depend  upon  the  voltage  of  the  circuit  but  ujjou  the 
frequency,  and  for  a  given  frequency  there  is  a  certain  motor 
speed  known  as  the  synchronous  speed. 

The  stationary  winding  of  an  induction  motor  is  continuous 
on  the  inside  of  the  motor  frame,  and  the  armature  has  no  con- 
nection whatsoever  with  the  stationary  winding  or  with  the 
power  supply  circuit,  the  latter  being  connected  only  to  the 
stationary  winding.  The  magnetic  field  which  is  produced 
by  the  alternating  current  in  the  stator,  rotates — see  Chapter 
Vm — at  a  speed  depending  upon  the  frequency  of  the  supply 
circuit  and  upon  the  number  of  poles  of  the  motor.  A  current 
which  tends  to  stop  the  rotation  of  the  field  is  induced  in  the 
armature  and  as  the  rotating  field  cannot  stop,  the  armature, 
or  rotor,  is  dragged  along  at  practically  the  same  speed,  there 
being  a  slight  slip,  depending  upon  the  load  or  the  work  which 
the  motor  is  doing.  When  the  rotor  is  running  in  exact  step 
with  the  rotation  of  the  field  in  the  stationary  winding,  or 
stator,  it  then  is  revolving  at  what  is  known  as  its  synchron- 
ous speed. 

When  regeneration  takes  place  the  rotor  runs  at  a  speed 
slightly  above  the  synchronous  speed  of  the  stator  field.  For 
this  reason  and  also  because  the  electrical  supply  is  still  con- 
nected to  the  primary  winding  of  the  stator,  the  rotor  con- 
ductors overtake  and  therefore  cut  the  lines  of  force  of  the 
revolving  stator  field,  and  current  is  generated  in  the  rotor 
winding  in  a  direction  opposite  to  that  taken  when  the  motor 
does  not  exceed  synchronous  speed.  The  rotor  flux  created 
by  the  reverse  current  flowing  in  the  rotor,  afifects  the  flux  in 
the  primary  or  stator  windings  and  generates  in  them  a  flux 
to  oppose  rotation.  The  reversal  of  the  flux  in  the  primary 
causes  a  reversal  of  the  primary  current  and  hence  power  is  de- 
livered to  the  line.  At  the  same  time,  the  action  of  the  rotor 
flux  tends  to  bring  the  rotor  speed  back  to  that  of  the  magnetic 
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field  and  therefore  offers  a  resistance  which  supplies  the 
breaking  effort  necessary  to  retard  the  locomotive  when 
operating  on  a  grade. 

To  simplify  this  explanation,  a  simple  illustration  of  the 
primary  and  secondary  circuits  of  a  transformer  is  shown  in 
Fig.  57.  The  secondary  — rotor — is  connected  to  a  motor  and 
the  primary — stator — to  the  supply  line.  When  the  motor  is 
loaded,  current  passes  through  the  secondary  winding  and  a 
flux  is  set  up  which  opposes  the  flux  generated  in  the  iron  core 
by  the  primary  current,  and  additional  high-tension  current  is 
necessary  in  order  to  overcome  the  secondary  flux.  If  the 
motor  is  made  a  generator  and  sufficiently  speeded-up,  the 
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Fig.  57 — Two  Transformer  Diagrams  Showing  Relations  Between 

Current  and  Core-Flux.     Analogus  to  Three-Phase  Induction 

Motor  When  Driven  Above  Synchronous  Speed. 

current  will  be  reversed  in  the  secondary  winding,  the  sec- 
ondary flux  also  will  be  reversed,  and  a  primary  flux  will 
be  set  up  to  oppose  this  secondary  flux.  In  order  to  set 
up  this  opposing  flux  in  the  primary,  a  reversal  of  current 
is  necessary  and  hence  power  is  put  back  into  the  line  sup- 
ply. Tests  show  that  practically  as  much  power  or  torque 
is  required  to  run  the  motor  a  given  number  of  revolutions 
per  minute  above  the  synchronous  speed  as  the  force  which 
the  motor  will  overcome  when  it  is  running  as  a  motor  at  the 
same  number  of  revolutions  below  the  synchronous  speed. 
The  question  is  not  one  of  generating  a  voltage  to  overcome 
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the  trolley  voltage,  as  in  the  case  of  the  direct-current  system, 
but  is  purely  one  of  speed  of  rotation.  Operation  is  automatic 
without  any  change  in  the  motor  circuit.  It  therefore  follows 
that  no  appreciable  variation  in  the  speed  with  regeneration, 
takes  place  when  using  three-phase  motors.  In  fact,  it  is  the 
general  practice,  to  leave  on  the  power  when  the  train  starts 
on  the  down  grade  and  when  the  speed  tends  to  be  higher 
than  that  corresponding  to  the  synchronous  speed  of  the 
motors,  regeneration  occurs  automatically,  and  the  locomo- 
tive then  begins  to  deliver  power  to  the  line. 

The  use  of  a  phase-converter  in  the  locomotive  to  enable 
the  three-phase  motor  to  operate  from  a  single  overhead 
trolley  or  a  single-phase  supply,  does  not  in  any  way  change 
the  automatic  feature  when  regenerative  breaking  equipment 
is  applied  to  locomotives  of  this  type. 

Advantages  of  Regeneration. — The  many  advantages  gained 
by  the  use  of  the  regeneration  principle  are  important,  and 
can  be  classified  as  regards  their  effect  upon  brake  shoe  and 
wheel  wear,  upon  maintenance  and  wear  of  the  air  brake  and 
draft  gear  equipment,  economy  of  power  supply,  and  the 
speed,  safety  and  uniformity  of  train  operation. 

The  energy  which  a  heavy  freight  train  possesses  while 
descending  a  grade,  is  large,  and  with  only  air  brakes  avail- 
able, this  energy  must  be  dissipated  as  heat  at  the  brakeshoes. 
Rapid  wear  of  the  shoes  results,  and  the  wheels  also  are  sub- 
jected to  heavy  wear  and  overheating,  with  the  risk  of  loose 
and  broken  tires.  When  regeneration  is  used  in  this  class  of 
service,  the  elimination  of  practically  all  of  this  dissipation  of 
heat  results  in  reduced  maintenance  cost  for  the  wheels  and 
brakeshoes. 

The  air  brakes,  brake  rigging,  and  draft  gear  are  subjected 
to  severe  strains,  when  only  the  brakes  can  be  used  for  de- 
scending grades,  so  that  regeneration  results  in  a  reduction  of 
maintenance. 

Regeneration  results  in  a  saving  of  horsepower  output  re- 
quired of  the  power  house,  depending,  of  course,  upon  operat- 
ing conditions  and  the  grades  encountered.  The  saving  in 
power  consumption  may  reach  10  to  15  per  cent  in  ordinary 
service  over  mountain  grades. 

The  speed  of  a  heavy  train  on  a  down-grade  is  often  limited 
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by  the  permissible  heating  of  the  brakeshoes,  but  with  the  use 
of  regeneration,  a  speed  which  is  the  safe  speed  for  the  track, 
curves  and  construction  of  the  roadbed,  is  allowable.  This  rate 
is  usually  higher  than  is  permissible  when  only  the  brakes 
can  be  used. 

Safety  of  operation  is  one  of  the  most  important  advantages 
of  regeneration.  The  train  is  under  better  control  and  possible 
accidents  resulting  from  loose  tires,  are  eliminated. 

In  train  service  the  results  obtained  from  regeneration  are 
more  uniform  operation  of  the  longer  trains  which  are  adopted 
cts  the  transportation  system  grows,  and  expands. 


CHAPTER  XVI 

THE  AIR  BRAKE  EQUIPMENT  FOR  THE 
ELECTRIC  LOCOMOTIVE 

It  is  not  the  purpose  of  this  chapter  to  describe  in  detail 
the  operation  and  construction  of  the  air  brake.  In  general 
the  air  brake  equipment  for  electric  locomotives  is  just  the 
same  as  that  used  on  modern  steam  locomotives,  there  being 
only  a  few  slight  modifications.  However,  since  steam  is  not 
usually  available  in  sufficient  quantity,  the  air  pressure  must 
be  obtained  from  an  electrically-driven  air  compressor.  This 
feature  will  be  described  in  some  detail. 

Changes  Necessary  for  Electric  Locomotives. — The  practice 
for  the  steam  locomotive  is  to  use  only  one  brake  valve  and 
the  distributing  valve  is  located  in  close  proximity  to  .it,  but  the 
arangement  is  somewhat  different  on  the  electric  locomotive. 
In  the  first  place  two  brake  valves  are  used,  one  at  either  end 
of  the  locomotive,  and  therefore,  may  be  seventy  or  more  feet 
apart.  If  one  distributing  valve  is  used  there  is  introduced  a 
large  volume  of  pipe,  hence  the  rate  of  application  and  of 
release  will  be  slower  than  normal,  unless  other  apparatus  is 
added  to  the  standard  steam  equipment.  In  addition,  if  the 
tlectric  locomotives  is  arranged  for  double  heading  it  generally 
is  desirable  to  have  under  the  control  of  the  engineer  on  the 
leading  locomotive,  the  independent  brakes  on  the  second 
locomotive.  The  latest  type  of  brake  for  the  electric  locomo- 
tive, is  known  as  the  Type  EL,  and  incorporates  the  features 
mentioned. 

While  the  manipulation  of  this  brake  is  the  same  as  for  the 
equipment  used  on  the  modern  steam  locomotive,  the  ap- 
paratus itself  is  dififerent,  because  of  factors,  peculiar  to  the 
long  and  heavy  locomotive  units,  with  the  extra  volume  of 
piping,  the  larger  number  of  brake  cylinders,  etc. 

As  previously  mentioned,  the  steam  locomotive  may  have 
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the  distributing  valve  located  in  close  proximity  to  the  engine- 
man's  valves,  and  the  volumes  are  small.  Some  electric  loco- 
motives however,  have  two  cabs  and  it  is  necessary  to  use 
two  distributing  valves,  one  for  each  cab.  It  may  also  be  ad- 
vantageous to  even  use  two  distributing  valves  on  an  ex- 
ceedingly long  one-cab  locomotive.  Normal  conditions  of 
operation  are  obtained  by  adding  two  valves,  called  transfer 
valves,  to  offset  the  effect  of  long  operating  pipes,  and  to  make 
certain  that  the  desired  rate  will  be  obtained  for  independent 
brake  operations. 

The  Transfer  Valve. — This  transfer  valve  acts  like  a  relay ; 
it  relays  the  braking  functions  to  the  second  distributing 
valve,  and  if  two  locomotives  are  coupled  together  for  double- 
heading,  to  the  distributing  valves  on  the  second  locomotive. 
One  transfer  valve  is  so  interposed  in  the  independent  applica- 
tion and  release  pipes  that  the  distributing  valve  is  connected 
to  the  brake  valves  at  the  operating  end  only,  and  cut  off  from 
the  brake  valve  at  the  non-operating  end.  The  other  transfer 
valve  is  so  interposed  in  the  independent-application  and 
brake-cylinder  pipes  that  the  braking  functions  are  relayed 
from  the  first  distribviting  valve  on  the  first  locomotive  to  the 
others,  and  thus  control  of  the  independent  brakes  on  the 
second  locomotive,  so  desirable  when  double-heading,  is 
secured. 

The  Three-Position  Double  Cut-Out  Cock. — Where  there  is 
more  than  one  brake  valve  on  a  locomotive,  a  cut-out  cock  is 
necessary  under  each,  to  cut-out  the  brake  pipe  at  the  brake 
valve  on  the  non-operating  end.  All  double-end  electric  loco- 
motives have  a  two-position  cut-out  cock,  the  positions  being 
brake  pipe  open,  and  brake  pipe  closed;  but  on  locomotives 
which  use  transfer  valves,  a  third  position  is  necessary,  and 
the  device  is  called  a  three-position  double  cut-out  cock. 
Three  different  positions  of  the  handle  corresp^MKl  to  the 
various  functions  of  the  valve.  With  the  handle  across  the 
pipe,  the  brake  pipe  is  open,  and  the  transfer  valve  coimection 
is  open  to  the  atmosphere,  the  main  reservoir  connection  being 
blanked.  This  is  the  position  in  which  the  handle  of  the  cock 
on  the  operating  end  should  be. 

The  second  position  is  when  the  handle  is  upv/ard  in  line 
with  the  pipe.    The  brake  pipe  is  then  closed  and  the  transfer 
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valve  connection  is  open  to  the  main  reservoir  This  is  the 
position  on  the  non-operating  end  and  on  both  ends  of  the 
second  locomotive  when  double-heading.  With  this  position 
the  engineman  at  the  front  or  operating  end  has  complete 
control  of  the  air  on  both  locomotives. 

To  place  the  handle  in  the  3rd  position  requires  that  a  stop 
pin  be  raised  to  go  from  the  second  to  the  third.  In  this  posi- 
tion the  brake  pipe  and  main  reservoir  are  closed  and  the 
transfer  valve  is  open  to  the  atmosphere.  This  is  the  position 
used  when  the  locomotive  is  handled  dead  in  a  train. 

Regenerative  Interlock  Valve. — Regenerative  electric  brak- 
ing for  negotiating  mountain  grades  has  become  a  standard  on 
electric  locomotives.  While  locomotives  are  regenerating,  it 
often  becomes  necessary  to  use  the  air  brakes,  and  unless 
some  precaution  is  taken  to  prevent  it  the  efifect  of  an  air 
brake  application  in  addition  to  that  of  full  regenerating,  can 
cause  the  drivers  to  slip.  The  function  of  the  regenerative 
interlock  valve  is  to  prevent  automatically,  the  use  of  air 
and  regenerative  brakes  at  the  same  time.  The  interlock 
valve  is  placed  in  the  brake  cylinder  pipe  which  comes  from 
the  distributing  valve,  and  it  also  has  a  connection  to  the  main 
cylinder. 

An  emergency  application  of  the  brakes  predominates  over 
regeneration  and  when  made,  regeneration  is  cut-out  so  that 
all  the  braking  is  done  with  the  air  brake.  The  service  appli- 
cation, however,  depends  on  regeneration.  For  instance,  if 
the  locomotive  is  regenerating  then  a  service  application  can- 
not be  made,  and  if  a  service  application  has  been  made 
and  the  locomotive  is  thrown  into  regeneration  then  the  air 
brakes  are  released  automatically.  With  the  release  of  re- 
generative control,  the  air  brakes  will  be  re-applied  auto- 
matically and  to  the  same  degree  of  holding  power  that  pre- 
ceded the  regeneration,  unless,  in  the  meantime,  the  service 
application  has  been  released  manually. 

An  important  advantage  derived  from  this  air  brake  ar- 
rangement combined  with  the  power  control  equipment  for 
the  motors  of  the  electric  locomotive,  is  the  ability  to  double- 
head,  requiring  only  one  engineman  at  the  head-end  of  the 
train.  The  arrangement  is  such  that  the  operator  has  the 
same  degree  of  control  of  the  second  locomotive  as  the  first 
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one,  from  which  he  is  operating,  and  the  locomotive  brakes 
can  be  appHed  and  released  independently,  the  same  as  if  only 
one  locomotive  were  being  used. 

The  Air  Compressor. — On  the  electric  locomotive,  the 
method  of  maintaining  the  main  air  reservoir  pressure,  is  dif- 
ferent from  that  which  is  used  on  steam  locomotives. 

In  the  case  of  the  latter,  the  pump  operates  automatically 
on  a  very  slight  reduction  of  air  reservoir  pressure,  so  that 
the  main  reservoir  is  kept  at  practically  a  constant  pressure. 


Fig.   58 — Three-Cylinder,   Two-Stage,    Motor-Driven   Air    Compressor. 

On  the  electric  locomotive,  however,  the  air  compressor — 
Fig.  58 — is  driven  by  a  motor  which  runs  at  a  constant  speed, 
and  the  capacity  of  the  compressor  is  such  that  by  operating 
about  one-third  of  the  time  enough  air  is  obtained  for  the 
requirements.  It  is  not  economical  to  run  the  motor  at  low 
speed,  so  that  instead  of  maintaining  constant  pressure  in 
the  main  reservoir  it  is  usually  allowed  to  vary  over  a  range 
of  15  lb.  For  instance,  with  a  pressure  of  110  lb.  in  the  train 
line,  the  pressure  at  which  the  compressor  stops  is  about  140 
lb.,  and  this  pressure  must  fall  to  about  125  lb.  before  the 
compressor  is  again  cut-in.  The  compressor  is  controlled  by 
means  of  an  electric  governor  which  can  be  set  for  any  maxi- 
mum and  minimum  pressures,  and  operates  a  switch  for  open- 
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ing  and  closing  the  electric  circuit  to  the  motor  coupled  to  the 
compressor. 

Air  compressors  for  electric  locomotives  may  be  placed 
either  in  the  cab  or  under  the  hood,  depending  upon  the  con- 
struction of  the  locomotive,  or  they  may  be  located  in  a  cradle 
underneath  the  floor.  In  any  case  they  should  be  placed  in 
such  a  position  that  ready  access  may  be  had  to  the  commuta- 
tors, brush  holders,  and  oil  cups.  Suction  strainers  are  con- 
nected by  piping  to  the  air  inlet  of  their  respective  com- 
pressors, and  should  be  so  located  as  to  insure  a  supply  of 
clean,  dry,  cool  air,  as  this  provision  adds  materially  to  the 
efficiency  and  life  of  the  compressor.  Usually  the  strainers 
are  located  either  in  the  cab,  or  on  the  roof,  or  under  the  hood. 
When  the  air  compressor  is  operating,  air  is  drawn  into  the 
cylinders  through  the  suction  strainer  and  past  the  inlet 
valves,  compressed,  and  forced  out  past  the  discharge  valves, 
and  through  radiating  pipe  to  the  main  reservoirs.  For  elec- 
tric locomotives  double  air-compressor  units  are  desirable,  es- 
pecially in  heavy  service,  to  provide  an  ample  supply  of  com- 
pressed air  for  braking  and  other  purposes.  They  should 
be  so  arranged  that  they  can  be  operated  independently  when 
necessary.  If  only  one  compressor  is  used,  two  main  reser- 
voirs are  installed,  but  with  a  double  compressor  unit  four 
main  reservoirs  are  used  for  the  purpose  of  storing  an  abund- 
ant supply  of  compressed  air,  which  will  permit  of  promptly 
releasing  the  brakes  and  recharging  the  system.  These  reser- 
voirs also  assist  in  cooling  the  compressed  air  and  depositing 
moisture,  oil  or  other  foreign  matter,  allowing  only  clean,  dry 
air  to  pass  on  to  the  brake  system.  The  piping  should  be  so 
installed  as  to  drain  into  the  reservoirs,  and  drain  cocks  ap- 
plied in  order  to  permit  of  easily  draining  the  reservoirs. 
The  reservoirs  should  be  drained  at  regu-lar  intervals  as  an 
accumulation  of  water  or  other  foreign  matter  is  not  only 
injurious  but  is  also  liable  to  seriously  reduce  the  capacity. 

The  amount  of  radiating  pipe  necessary  has  to  be  decided 
according  to  the  needs  of  each  locality  ;  where  freezing  tem- 
peratures are  not  encountered  it  may  be  omitted  altogether. 
For  obvious  reasons  the  reservoirs  and  radiating  pipe  should 
be  located  at  a  safe  distance  from  sources  of  heat,  such  as 
resistance  grids,  motors,  etc.    For  the  purpose  of  shutting  ofT 
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the  source  of  air  supply  when  desired,  a  cut-out  cock  is  placed 
in  the  main  reservoir  pipe,  beyond  the  governor  connection. 

Mechanical  Construction. — The  mechanical  constructions  of 
a  compressor  and  its  driving  motor  are  shown  in  the  sectional 
views,  Figs.  59  and  60.  The  motor  armature  shaft  carries  a 
pinion  which  meshes  with  a  gear  fitted  to  the  crank  shaft,  the 
gear  and  pinion  being  enclosed  in  a  gear  case.  In  this  design 
the  center  line  of  the  cylinders  is  located  slightly  above  that 
of  the  crank  shaft  in  order  to  reduce  the  vertical  component 
of  the  thrust  and  the  consequent  wear  during  the  compression 


Fig.  59 — Assembly   of    Motor    for    Driving    the    Two-Stage 
(   _  Compressor  Shown  in  Fig.  58. 

stroke.  For  that  reason,  the  crank  shafts  of  motors  of  this 
design  should  always  rotate  in  a  clockwise  direction  when 
viewed  from  the  gear  end.  The  compressor  portion  has  two 
low-pressure  cylinders,  and  one  high-pressure,  the  latter  being 
located  between  the  other  two.  The  low  pressure  cylinders 
receive  air  from  the  atmosphere  through  the  suction  inlet 
compress  it  to  the  first  stage,  and  discharge  it  into  an  inter- 
cooler.  From  there  it  passes  into  the  high  pressure  cylinder 
where  the  pressure  is  raised  to  the  final  amount.  The  air  is 
then  discharged  into  the  reservoir. 

The  intercooler  should  consist  of  the  equivalent  of  100  feet 
of  2-in.  pipe,  arranged  for  rapid  radiation  of  heat.  This 
device  serves  to  increase  volumetric  efficiency  and  enables 
the  compressor  to  operate  longer  without  overheating. 

Lubrication. — The  lubrication  of  the  compressor  is  entirely 
automatic  and  requires  no  attention  other  than  to  replenish 
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the  oil  supply.  The  crank  shaft  bearings,  connecting  rods, 
and  pistons  are  lubricated  by  the  splash  system,  using  oil 
which  is   contained  in  the   crank   case.     As  the   crank   shaft 

NAMES    OF    PARTS    OF    MOTOR-COMPRESSOR    SHOWN    IN    FIG.    59 


Ref.  No. 

2  Field  Yoke. 

3  Front  Bearing  Housing. 

4  Rear  Bearing  Housing. 

6  Armature. 

7  Pole  Piece. 

8  Pole  Piece  Stud  and  Nut. 

10  Field  Coil. 

11  Field  Coil  Brass  Washer. 

18     End  Cover  for  Front  Bearing 

Housing. 
20    Screw  for  End  Cover 

22  Cap   Screw   for   Front   Bear- 
ing Housing. 

23  Front  Bearing. 

25     Screw  for  Bearing. 

28  Cap  Screw  for  Rear  Bearing 
Housing. 

29  Rear  Bearing. 

32  Rocker  Arm. 

33  Cap    Screw    for    securing 
Rocker  Arm. 

35     Carbon  Holder. 

37  Carbon  Holder  Cap  Screw. 

38  Double  Washer. 

39  Carbon  Holder  Double   Nut. 

40  Carbon  Holder  Lead  Screw. 

41  Carbon  Holder  Spring, 

42  Carbon. 

43  Insulating  Washer. 

46     Rocker  Arm  Insulating  Tube. 


Ref.  No. 
47     Armature  Coil. 

49  Key  for  Commutator. 

50  Commutator. 

51  Commutator  Bushing. 

52  Commutator  Taper  Ring. 

53  Commutator  Nut. 

54  Commutator  Set  Screw. 

56  Outer  Insulating  V  Ring  for 
Commutator. 

57  Inner  Insulating  V  Ring   for 
Commutator. 

58  Commutator  Insulating  Sleeve 

60  Nut  for  removing  Pinion. 

61  Motor  Shaft  Jam  Nut. 

62  Key  for  Pinion. 

67     Connector  for  Leads. 

70  Field  Lead. 

71  Commutator  Lead. 
92     Cotter  Pin. 

99     Field  Coil  W^asher. 

105  Nut  for  Rocker  Arm. 

106  Lever  for  Carbon  Holder. 

108  Screw  for  securing  Springs  in 
Carbon  Holder  Spring  Stud. 

109  Screw    for    clamping    Spring 
Stud. 

110  ^4,"  Brass  Washer  for  Carbon 
Holder  Spring  Stud. 

111  Top  Cover  for  Bearings. 
115     Oil  Guard  for  Armature 


rotates,  oil  is  splashed  into  the  cylinders  and  into  the  crank 
shaft  l)earings.  Some  of  the  oil  seeps  through  the  rear  crank 
shaft  bearings  and  enters  the  gear  case,  where  it  serves  to 
lubricate  the  gear  teeth.  Part  of  this  oil  is  carried  up  by  the 
gear  to  the  pinion  and  thence  into  the  rear  bearing  oil  well 
of  the  motor.  It  cannot,  however,  flood  the  motor,  for  there 
is  a  direct  connection  whereby  any  overflow  returns  to  the 
latter  through  a  cored  passage  between  the  oil  well  and  the 
crank  case.  The  motor  bearings  each  have  an  oil  well  and  are 
supplied  with  constant  lubrication  by  means  of  the  oil  rings. 

Electric  Compressor  Governor. — The  governor  is  a  device 
for  automatically  controlling  the  operation  of  the  air  com- 
pressor so  that  the  air  pressures  will  be  held  between  pre- 
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Jl.1 


Fig.  60 — Assembly  of  Three-Cylinder,  Two-Stage,  Air   Compressor. 
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NAMES  OF  PARTS  OF  AIR-COMPRESSOR  SHOWN  IN   FIG. 


2  Cylinder  and  Crank  Case. 

3  Cylinder  Cover. 

4  Cylinder  Cover  Bolt  and  Nut. 

5  Cylinder  Cover  Bolt  and  Nut. 

6  Cylinder  Cover  Bolt  and  Nut. 

7  Cylinder  Cover  Cap  Screw. 

8  Cylinder   Cover  Cap   Screw. 

9  Cylinder   Cover  Cap   Screw. 

10  Cjdinder  Cover  Cap   Screw. 

11  Front  Crank  Case  Cover. 

12  Front  Crank  Case  Cover  Cap 
Screw. 

13  Gear  Case. 

14  Gear  Case  Stud  and  Nut. 

15  Gear  Case  Top  Cover. 

16  Gear  Case  Cover  Bolt  and  Nut. 

17  Dowel  Bolt  for  Gear  Case  Pad. 

18  Bolt  and  Nut  for  Gear  Case 
and  Motor  Flans^e. 

19  Cap  Screw  for  Gear  Case  and 
Motor  Flange. 

20  Small  Cap   for  Gear  Case. 

21  Cap  Screw  for  Small  Cap  for 
Gear  Case. 

22  Center  Cap  for  Gear  Case. 

23  Cap  Screw  for  Center  Cap  for 
Gear  Case. 

24  Crank  Case  Top  Cover. 

25  Oil  Separator. 

27  5^"  X  214"  Hex.  Hd.  Cap 
Screw  for  Crank  Case  Top 
Cover. 

28  Crank  Case  Oil  Fitting. 

29  Crank  Shaft. 

30  Crank  Shaft  Kev. 

31  Crank  Shaft  Nut. 

32  Crank  Shaft  >m  Nut. 

33  Shaft  Bearing  Bush,  Front  End 

34  Shaft  Bearing  Bush.  Rcai^  End 

35  Shaft  Rearing,  Rear  End. 

36  Shaft  Rearing  Key,  Rear  End. 

37  Shaft  Rearing.  Front  End. 

38  Shaft  Bearing  Kev.  Front  End. 

40  Gear. 

41  Pinion. 

42  Low  Pressure  Connecting  Rod. 

43  Low  Pressure  Connecting  Rod 
Cap. 

44  Low  Pressure  Connecting  Rod 
Eye  Bolt. 

45  Washer  for  Low  Pressure 
Connecting  Rod  Eye  Bolt. 

46  Nut  for  Low  Pressure  Con- 
necting Rod  Eye  Bolt. 


47  Jam    Nut    for    Low    Pressure 
Connecting  Rod  Eye  Bolt. 

48  Cotter  for  Low  Pressure  Con- 
necting Rod  Eye  Bolt. 

49  Low  Pressure  Connecting  Rod 
Bush. 

50  Wrist    Pin    with    Dowel,    for 
Low  Pressure  Piston. 

51  Wrist  Pin  Set  Screw. 

52  Wrist  Pin  Set  Screw  Lock. 

53  Low  Pressure  Piston. 

54  Low  Pressure  Piston  Ring. 

55  HighiPressure  Connecting  Rod 

56  High  Pressure  Connecting  Rod 
Cap. 

57  High  Pressure  Connecting';  Rod 
Eye  Bolt. 

58  Washer     for    High    Pressure 
Connecting  Rod   Eye  Bolt. 

59  Nut   for  High   Pressure   Con- 
necting Rod   Eye    Bolt. 

60  Jam    Nut   for  High    Pressure 
Connecting  Rod  Eye   Bolt. 

61  Cotter  for  High  Pressure  Con- 
necting Rod  Eye  Bolt. 

62  High  Pressure  Connecting  Rod 
Bush. 

63  Wrist    Pin    with    Dowel,    for 
High  Pressure  Piston. 

64  High  Pressure  Piston. 

65  High  Pressure  Piston  Ring. 

66  Inlet  Valve. 

67  Inlet  Valve  Nut. 

69  Inlet  Valve  Seat. 

70  Inlet  Valve  Cage. 

71  Inlet  Valve  Cap  Nut. 

72  Discharge  Valve. 

73  Discharge  Valve  Seat. 

74  Discharge!  Valve  Chamber  Cap. 

76  H"  Wrot  Iron  Washer. 

77  ^"  Copper  Gasket. 

78  Cylinder  Cover  Gasket. 

79  Crank  Case  Top  Cover  Gasket. 

80  Front    Crank    Case    Cover 
Gasket. 

81  Gear    Case    and    Crank    Case 
Gasket. 

82  Gear  Case  Top  Cover  Gasket. 

83  Gear  Case  Center  Cap  Gasket. 

84  Gear  Case  Small  Cap  Gasket. 

85  Motor  Gasket. 

86  Bed  Plate. 

87  Cap  Screw  for  securing  Com- 
pressor to  Bed  Plate. 

126  Wrist  Pin  Set  Screw  Lock. 
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determined  minimum  and  maximum  limits.  The  electric  cir- 
cuit to  the  motor  is  automatically  made  and  broken  as  the 
air  pressure  falls  below  or  rises  above  the  limits  for  which 
the  governor  is  set. 

Where  locomotives  we  being-  operated  double-head,  or  a 
completed  locomotive  consists  of  two  units,  or  where  trains  of 
cars  are  used,  some  means  must  be  provided  to  insure  that 


3  Guide  Pin. 

5  Finger. 

6  Adjusting  Screw  Jam  Nut. 

7  Finger  Adjusting  Screw. 

16  Switch     Piston    and    Rod, 
complete. 

17  Piston   Spring   for 
Pressures  above  40  lb. 

43  Switch  Spider. 

504  Armature. 

505  Armature  Stem. 

506  Magnet  Core. 
508  Magnet  Coil. 

510  Button  Head  Cap  Screw. 

511  Insulator. 

512  Brass  Washer. 

513  Contact  Screw. 

514  Exhaust  Valve. 

515  Supply  Valve. 

516  Supply  Valve    Spring. 


Fig.  61 — Assembly  of  Electro-Pneumatic 
Compressor  Switch. 


each  coinpressor  furnishes  its  proper  share  of  the  supply  of 
compressed  air.  This  precaution  must  be  taken  because  of 
the  fact  that  where  two  or  more  compressors  deliver  air  to  a 
common  supply  pipe,  whichever  compressor  happens  to  start 
first  might  supply  all  the  air  required  to  recharge  the  entire 
system  as  the  pressure  would  begin  to  rise  instead  of 
decreasing  to  the  amount  necessary  for  starting  the  others. 
The  complete  regulating  equipment  includes  an  electro- 
pneumatic  compressor  switch  which  is  supplied  for  each  com-, 
pressor,  the  admission  of  air  to  and  exhaust  from,  the  air 
cylinder  being  controlled  by  an  electrically  operated  magnet 
valve.    In  addition  to  the  compressor  switch  there  is  a  master 
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governor.  This  piece  of  apparatus  operates  from  the  air  pres- 
sure, but  instead  of  connecting  power  directly  to  the  compres- 
sor, it  connects  the  control  circuit  containing  the  magnet  valve 
of  the  compressor  switches  which  cause  these  switches  to 
close  and  thus  start  the  compressors.  A  compressor  switch  is 
shown  in  Figs.  61  and  62,  and  a  master  governor,  as  used  fcrr 
locomotive  operation,  is  shown  in  Figs.  63  and  64. 

Operation  of  the  System. — The  magnets  of  the  compressor 
switches  are  connected  in  parallel  between  the  negative  wire 


Fig.  62 — Electro-Pneumatic 
Compressor   Switch. 


Fig.  63 — Electrically  Operated 
Compressor   Governor. 


of  the  battery  circuit  and  a  wire  called  the  synchronizing 
wire,  which  extends  throughout  the  train.  The  wiring  of  the 
system  is  so  arranged  that  the  opening  and  closing  of  any 
master  governor  in  the  train  opens  or  closes  the  circuit  con- 
trolling all  the  compressor  switch  magnets. 

All  the  main  reservoirs  in  the  train  are  connected  to  a  main 
reservoir  pipe  line,  and  on  each  car  the  main  reservoir  is  con- 
nected to  the  pneumatic  regulating  portion  of  the  master  gov- 
ernor on  that  car.  When  the  pressure  in  the  main  reservoir 
line  falls  below  the  cutting-in  point  of  any  one  of  the  master 
governors,  the  switch  of  that  governor  is  immediately  closed, 
which  in  turn  closes  the  circuit  controlling  the  compressor 
switch  magnets  and  causes  all  the  compressors  in  the  train  to 
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start  simultaneously.  Whether  one  or  more  ut  the  master 
governors  cut-in  at  the  same  time  is  immaterial,  since  the 
compressors  will  continue  to  operate  and  raise  the  pressure 
in  the  main  reservoir  on  each  unit  and  in  the  main  reservoir 
line  throughout  the  train  until  such  time  as  the  governor  set 
for   the   highest   cutting-out   pressure — this   one   will   be   the 

2  Frame. 

4  Finger. 

11  Finger  Board   Screw. 

12  Switch   Cover. 

16  Switch  Piston  and  Rod. 

17  Piston  Spring. 

18  Piston  Spring  Seat. 

19  Piston  Seal. 

38  Piston  Rod  Brass  Washer. 

39  Piston  Rod  Fibre  Washer. 

40  Piston  Rod  Fibre  Washer. 

41  Square   Fibre   Brush. 

43  Switch  Spider. 

44  Switch  Spider  Contact. 

45  Piston    Rod    Fibre   Washer. 

46  Piston  Rod  Brass  Washer. 

47  Lead   Screw. 
50  Porcelain   Bush    for   Leads. 

301  Gasket. 

302  Valve   Case. 

303  Cut-in  Valve  Cap. 
.104  Cut-out  Valve. 
305  Cut-in  Valve. 
311  Regulating  Nut. 
315  Spring  Stem. 

317  Cut-out  Valve   Cap. 

318  Cut-in    Valve   Seat   Retainer. 

Fig.  64— Assembly  of  Electrically  Op-         ^^^   f'"*-'"  Valve  Leather  Washer, 
erated  Compressor  Governor.  -^20    Cut  in  Valve  Washer. 

governor  that  operates  to  cut-in  the  compressors — acts  to 
open  the  circuit  of  the  compressor  switch  magnets,  and  stop 
the  operation  of  all  compressors  simultaneously. 

Through  the  operation  of  this  system,  all  compressors  start 
and  stop  simultaneously,  so  that  no  one  compressor  is  re- 
quired to  do  more  than  its  own  share  of  work.  This  uni- 
formity of  compressor  labor  is  not  affected  by  excessive  leak- 
age on  any  unit,  incorrect  adjustment  of  governor  or  feed 
valve,  relative  efficiency  of  the  compressor,  or  by  other  causes. 


CHAPTER  XVli 
ELECTRIC  LOCOMOTIVE  DESIGN 

In  the  preceding  chapters  some  of  the  advantages  of  elec- 
trihcation  and  the  benefits  derived  from  electric  operation 
were  pointd  out,  and  a  comparison  made  of  steam  and  electric 
locomotives  as  regards  tractive  efTort  and  horsepower.  Elec- 
tric locomotive  design  will  now  be  taken  tip  and  the  construc- 
tion and  design  of  the  various  parts  which  go  to  make  up  the 
complete  unit  will  be  discussed. 

Electrical  Systems. — The  electrical  design  of  the  locomotive 
will  depend  chiefly  on  the  system  of  electrification  with  which 
it  is  to  be  used.  The  electrical  systems  may  be  classified  un- 
der two  headings,  as  follows  : 

1.  Direct-current  systems,  which  may  be  at  either  high  or 
low  voltage,  varying  from  600-700  volts  up  to  3,000  volts. 

2.  Alternating-current  systems,  which  may  be  either  sin- 
gle-phase or  three-phase,  with  voltages  from  3.300  volts  up  to 
11,000  volts,  or  even  higher. 

The  methods  employed  in  collection  of  the  electric  power 
for  operating  the  locomotive  are  important  and  interesting. 
Electricity  for  transportation  was  first  used  on  the  street  rail- 
ways;  an  overhead  trolley,  carrying  500  volts  direct  current, 
was  used.  As  greater  loads  were  demanded,  due  to  the  opera- 
tion of  more  and  larger  cars,  it  was  necessary  to  provide 
greater  capacity  in  the  trolley  wire  for  carrying  the  required 
current.  As  the  capacity  of  the  wire  was  limited  copper  feed- 
ers were  installed  in  parallel  with  the  wire.  When  steam  rail- 
roads operating  heavy  train  service  were  electrified,  using 
direct-current  at  600-700  volts,  a  power  greater  than  could 
ever  be  delivered  by  the  single  wire  was  required,  so  that  the 
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third-rail  contact  system  was  used  to  provide  the  necessary 
current-carrying  capacity. 

In  a  typical  third-rail  contact  system,  the  power  is  gener- 
ated at  a  central  power  house  and  transmitted  to  substations 
as  high-voltage  three-phase  alternating  current.  At  the  sub- 
stations this  three-phase  power  is  reduced  by  transformers 
and  changed,  by  rotary  converters  into  direct  current.  This 
direct  current  is  distributed  from  the  substation  to  the  third 
rail  by  feeders.  Ordinarily  the  track  rails  are  used  for  con- 
ducting the  return  current,  but  in  the  case  of  heavy  systems, 
copper  cables,  known  as  negative  feeders,  are  connected  in 
parallel  with  the  rails  so  as  to  reduce  the  voltage-drop  back 
to  the  substation. 

There  are  limitations  to  the  third-rail  system.  While  in  very 
dry  climates  1200  volts  can  be  used  on  the  third  rail,  it  may 
be  said  in  general  that  this  system  of  electrification  is  one  lim- 
ited to  700  volts.  The  comparatively  low  voltage,  where  heavy 
train  service  exists  requiring  considerable  horsepower,  means 
an  abundance  of  copper,  substations,  etc.,  to  care  for  the 
heavy  current  necessary  for  the  operation  of  numerous  heavy 
trains  over  long  distances.  To  eliminate  the  excessive  use  of 
copper  and  substations  a  higher  voltage  was  required.  Sub- 
sequently the  overhead  contact  system,  using  high-voltage 
single-phase  or  three-phase  alternating  current,  was  employed 
and  high-voltage  direct-current  has  been  successfully  used  on 
the  overhead  system. 

In  typical  single-phase  systems,  the  power  is  transmitted  at 
high  voltage  to  the  transformer  substations,  where  it  is  trans- 
formed down  to  the  workable  voltage  desired  for  the  service 
and  is  connected  directly  to  the  overhead  contact  system  as 
single-phase  current. 

In  the  case  of  the  three-phase  system,  three-phase  power 
instead  of  single-phase  is  delivered  to  the  locomotives.  This 
requires  that  two  contact  wires,  insulated  from  each  other, 
be  placed  above  the  track,  the  rails  of  the  track  acting  as  a 
third  wire. 

The  high-voltage  direct-current  overhead  system  is  similar 
to  the  low-voltage  direct-current  third-rail  system.  The 
power  is  transmitted  in  the  same  way,  coiiverted  by  rotating 
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machinery,  but  is  fed  at  high  voltage  to  an  overhead  conductor 
instead  of  to  a  third  rail. 

Electric  Locomotive  Classification. — Besides  the  fact  that 
the  internal  apparatus  of  the  electric  locomotive  must  be  de- 
signed according  to  the  system  over  which  it  is  to  operate, 
there  is  another  fundamental  point  of  difference  in  the  method 
employed  in  the  collection  of  the  current.  From  this  point  of 
view,  the  locomotives  can  be  classified  under  two  headings  : 

1.  Those  equipped  with  pantagraph  contacts  to  collect  the 
curent  at  high  voltages  from  overhead  wires  located  above  and 
directly  over  the  track. 

2.  Those  equipped  with  a  third-rail  contact  shoes  to  collect 
the  current  from  conductors  located  alongside  of  and  adja- 
cent to  the  running  rails. 

Before  describing  the  design  and  construction  of  the  over- 
head and  the  third-rail  current  collecting  devices,  it  seems  ad- 
visable to  consider  the  construction  and  location  of  the  elec- 
tric conductors — the  overhead  wires  and  the  third-rail. 

With  either  type  of  construction  the  conductor  must  be  in- 
sulated to  prevent  leakage  of  the  electric  current,  and  so  lo- 
cated that  there  will  be  minimum  interference  with  existing 
structures,  and  with  the  rolling  equipment ;  and  that  it  will 
permit  of  safe  and  satisfactory  operation. 

Overhead  Working  Conductors. — The  clearance  for  over- 
head working  conductors,  as  recommended  by  the  American 
Electric  Railway  Engineering  Association,  is  shown  in  Fig. 
65 ;  these  diagrams  show  minimum  clearances  for  five  diflfer- 
ent  cases.  They  are  made  up  from  the  data  in  Table  IV  taking 
into  consideration  the  clearance  necessary  where  trainmen 
are  required  to  give  signals  by  hand  and  by  lantern.  The 
height  of  the  wire  above  the  top  of  the  running  rails  is  thus 
determined.  It  is  an  advantage,  from  the  standpoint  of  the 
pantagraph  trolley  construction,  to  keep  the  wire  lower  than 
24  feet.  Many  times  overhead  bridges  span  the  tracks  so  that 
Cases  3  and  4  show  normal  and  special  minimum  clearance. 

The  clearance  lines  take  into  consideration  the  sway  of  the 
pantagraph  and  its  variation  from  central  position.  For  in- 
stance, the  car  springs  may  have  a  maximum  difference  in 
height  of  1  in.  There  may  he  a  difference  of  ^  in.  in  elevation 
of  track  rails.     The  pantagraph  being  constructed  of  tubing. 
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with  all  joints  as  free  from  friction  as  possible,  will  sway  at 
high  speeds.  The  amount  of  swaying  will  depend  on  the  height 
of  the  wire.  In  arriving  at  the  width  of  the  pantagraph  shoe 
—5  ft.  4  in. — and  in  locating  the  clearance  line,  this  sway  is  as- 
sumed as  6  in.  Soward  either  side  at  22  ft.  above  the  top  of  the 
running  rails.  The  diagrams  in  Cases  1  and  2  show  that  as  the 
wire  becomes  lower  the  clearance  line  approaches  the  width 

TABLE  IV.— DIMENSION    DATA  FOR   FIG.  65 

Case  1       Case  2        Case  3  Case  4  Case  5 


Special 

Clearance  Normal  minimum 

for  trainman  minimum  clearance  for  Minimum 

giving  clearance  high  voltage  clearance  for 

Dimension                           without  wires  without  600- volt  d-c 

Lantern      Hand  trainman  trainman  overhead 

signals      signals  on  cars  on  cars  contact  wires 

Ft.  In.      Ft.  In.  Ft.  In.  Ft.  In.  Ft.  In 
Distance    between    wire    or 

face    of    contact    rail    and 

structure    0    10          0     10  0    10  0     10  0    9 

Desirable  clearance  between 

rolling    stock     and     wire, 

or    contact    rail _    _        _    _  2      !■-<  0    IVA  0    2J/2 

Reach   of    trainman 78          78  —    — •  —    — ■  —    — 

Lantern,  height  of 1      0        —    —  —    —  —    —  —    — 

Clearance     0      5V£.      0      SJ^  —    —  —    —  —    — 

Total  clearance  above  car    9     11^<      8     IV/2  2     11^  1      9^  0    115^ 

Height    of    Car IS      Oyi    15      O'/z  15      Q'/,  15      CP/2  15      0-^ 

Height    of    permanent    way 

structure    25      0       24      0  18      0  16    10  16      0 


of  the  shoe.  If  special  designs  are  used,  additional  clearance 
may  be  necessary  as  these  diagrams  show  minimum  clear- 
ances. Case  5  covers  location  and  clearances  of  the  d.c.  over- 
head conductor ;  in  many  yards  it  is  impossible  to  locate  the 
third  rail  with  gaps  of  a  reasonable  length,  and  in  such  cases 
an  overhead  rail  is  put  up,  collection  of  current  being  made  by 
a  short  iron  pantagraph  collector.  In  the  case  of  the  high- 
tension  line  the  pantagraph  collector  must  be  so  designed  that 
it  will  adapt  itself  to  the  various  heights  of  trolley  wire  shown 
in  Cases  1  to  4,  inclusive. 

Third-Rail  Conductors. — The  third-rail  system  consists  of  a 
conductor  placed  alongside  of  the  track  at  a  fixed  distance 
away  from  the  running  rail  and  slightly  above  it. 

Two  different  types  of  third  rail  are  in  use,  the  over-running 


146 


RAILROAD    ELFXtRIFlCATlON 


or  top-contact  rail ;  and  the  under-running  or  under-contact 
rail.  In  either  case  the  rail  is  supported  by  means  of  insula- 
tors at  intervals  of  about  ten  feet.  A  guard  or  covering  is  pro- 
vided to  prevent  accidental  contact  with  the  third-rail  and  also 
to  eliminate  trouble  due  to  snow  and  sleet.  Generally  the 
third-rail  is  made  of  a  low  carbon  steel — much  lower  than  used 
in  the  track  rails — and  it  therefore  has  a  low  resistance — in 
other  words,  it  is  of  high  conductivity.  The  rail  sections  are 
joined  by  fish  plates,  and  to  insure  electrical  continuity  are 
bonded  with  copper. 

Protection  flank 


Fig.  66 — Tj'pical  Over-Running  Third  Rail  and  Its  Location 
with  Reference  to  the  Track. 


The  location  of  the  typical  over-runing  third-rail  in  refer- 
ence to  the  track  is  shown  by  Fig.  66.  The  insulators  support- 
ing this  third-rail  rest  on  long  ties  placed  under  the  running 
rails  and  extending  to  one  side  at  intervals  of  about  ten  feet. 
The  type  of  insulator  shown  is  a  block  of  porcelain  and  sets 
over  a  short  pin,  which  is  screwed  into  the  tie  and  keeps  the 
insulator  properly  located.  On  top  of  the  insulator  is  placed  an 
iron  cap  to  hold  the  rail.  No  clamping  or  fastening  of  the  rail 
is  necessary,  as  its  own  weight  is  sufficient  to  hold  it  in  place 
and  not  permit  it  to  turn  over  except  in  cases  of  derailinent, 
when  such  a  possibility  is  distinctly  an  advantage.  In  such  an 
event  little  damage  is  done,  and  the  rail  can  be  replaced 
quickly. 

The  under-running  third-rail  layout  is  shown  by  Fig.  67.    As 
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in  the  case  of  the  over-running  rail,  it  is  supported  at  intervals 
of  ten  feet,  on  long  ties.  The  method  of  support  is  not  nearly 
as  simple  as  the  over-running  rail.  A  curved  bracket  is  re- 
quired, and  the  rail  is  suspended  from  insulators,  each  con- 
sisting of  two  parts  clamping  around  the  rail  for  a  length  of 
approximately  eight  inches,  and  being  held  together  by  a  clamp 
bolted  to  the  bracket.  As  a  means  of  protection,  wooden  strips 
are  placed  around  the  rail,  except  on  the  bottom  surface.  This 
construction  is  indicated  in  Fig.  67  as  "section  between 
brackets." 


Porcelain 
Insula-fvr 


<5ecf ion  Beftvcen 
Brticke+6. 


Fig.  67 — A   Common  Type  of    Under-Running  Third   Rail. 


From  the  foregoing  description  of  the  location  of  the  elec- 
tric conductors  an  idea  can  be  formed  as  to  the  problem  to  be 
met  in  the  collection  of  the  electric  power.  In  the  case  of 
heavy  electric  traction,  large  horsepower  is  developed  per  unit, 
which,  in  turn,  means  the  collection  of  a  large  number  of  kilo- 
watts from  the  conductor  at  almost  any  speed  from  starting 
to  over  60  miles  per  hour.  When  taken  from  the  third-rail  the 
power  is  of  low  voltage  and  very  high  current,  but  can  be 
collected  easily  by  the  third-rail  shoes.  In  the  case  of  the 
high-voltage  alternating  current  system,  the  voltage  is  high 
and  the  current  low,  so  that  by  providing  proper  clearance  and 
insulation  for  the  high  voltage  it  is  equally  easy,  to  collect  the 
power.  The  current  required  with  the  high-voltage  direct- 
current  system,  having  a  maximum  voltage  of  3000  volts  in 


148  RAILROAD     ELECTRIFICATION 

this  country,  is  considerable.  While  3000  volts  cut  down  the 
current  demand,  nevertheless  considerable  current  must  be 
handled  and  special  provisions  for  its  collection  have  been 
found  necessary. 


CHAPTER  XVIII 
THE  PANTAGRAPH 

As  the  overhead  wire  was  successfully  used  with  the 
single-phase  high-voltage  system  prior  to  its  use  with  the 
high-voltage  direct-current  system,  the  type  of  pantagraph 
designed  for  single-phase  service  will  be  considered  in  advance 
of  the  type  for  the  high-voltage  direct  current ;  olDviously, 
some  difference  in  design  would  be  expected  between  the  two 
types.  The  high-voltage  alternating-current  collector  is  not 
required  to  handle  comparatively  large  currents  on  account  of 
the  high  voltage — often  as  high  as  11,000  volts — even  when 
large  amounts  of  power  are  collected.  While  the  high-voltage 
direct  current  of  3,000  volts  is  a  high  voltage  for  direct  cur- 
rent, it  is  approximately  only  one-fourth  of  the  alternating- 
current  voltage,  so  that  in  the  direct-current  system,  for  the 
same  amount  of  power,  the  current  collected  will  be  nearly 
four  times  that  for  the  single-phase  system.  The  collection  of 
the  current  required  for  the  large  locomotive  units  has  been 
a  rather  difficult  problem,  but  that  it  has  been  solved,  will  be 
brought  out  further  on. 

General  Design  and  Construction. — In  the  preceding  chapter, 
clearance  diagrams  for  overhead  conductors,  as  recommended 
by  the  American  Electric  Railway  Engineering  Association, 
were  given.  These  diagrams  show  heights  ranging  from  16 
ft.  10  in.  to  25  ft. ;  on  a  large  system  overhead  wires  may  be 
anywhere  between  these  limits.  Generally  the  wire  will  be 
kept  at  a  height  of  22  ft.  to  24  ft.  but,  due  to  overhead  bridges 
or  other  causes,  the  wires  will  have  to  be  lower  than  the 
standard  height  in  order  to  pass  obstructions. 

The  pantagraph  then,  must  be  so  built  that  it  will  operate 
satisfactorily  between  these  limits  and  must  remain  in'  con- 
tinuous contact  with  the  overhead  wire.     It  must  be  as  light 
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as  strength  will  allow,  so  as  to  reduce  inertia  to  a  minimum 
and  enable  the  shoe  of  the  pantagraph  to  keep  in  contact  with 
the  wire  at  all  times  and  at  high  speeds.  It  must  be  strongly 
built  as  it  is  subjected  to  considerable  strain,  particularly 
when  mounted  on  a  passenger  locomotive  running  at  60  to  70 
miles  an  hour.  With  the  trolley  wire  at  normal  height,  the 
shoe  of  the  pantagraph  is  8  to  10  feet  above  the  roof  of  the 
locomotive  and,  as  the  swaying  of  the  locomotive  is  trans- 
mitted to  the  pantagraph  it  must  be  strong  enough  to  with- 
stand this  lateral  strain  which  is  at  great  leverage.  It  must 
also  be  strong  enough  to  withstand  the  blows  received  at 
"special  work"  in  the  trolley  wire,  as  at  cross-overs,  sidings, 
etc.,  and  to  withstand  the  sudden  pressure  due  to  the  wire 
passing  under  bridges,  etc.  The  grade  or  slope  of  the  wire, 
when  passing  under  bridges  should  not  be  too  steep — prefer- 
ably not  more  than  1  per  cent;  too  great  a  slope  will  cause 
excessive  pressure  to  be  exerted  on  the  shoe  and  frame  of  the 
pantagraph  when  operating  at  high  speeds.  To  withstand 
such  service  the  pantagraph  would  have  to  be  strengthened, 
resulting  in  more  weight,  which  is  a  disadvantage.  Some  idea 
of  the  blow  exerted  under  such  conditions  can  be  formed 
when  it  is  considered  that  at  60  miles  per  hour  the  speed  is 
88  feet  per  second  and  if  the  slope  of  the  wire  was  3  per 
cent  the  pantagraph  would  be  pushed  down  nearly  3  feet  in 
a  second.  To  keep  the  shoe  in  proper  contact,  an  upward 
pressure  of  approximately  12  lb.  has  been  found  to  be  best. 
Due  to  the  friction  of  the  various  parts  and  bearings  of  the 
pantagraph,  the  pressure  required  to  push  it  down  will  be 
approximately  17  lb.  to  20  lb.  This  is  the  required  pressure 
when  pushed  down  slowly,  but  when  pushed  at  the  rate  of  3 
feet  per  second  the  inertia  enters  into  consideration  and  the 
pressure  will  be  very  much  higher. 

In  general  appearance,  all  pantagraphs  are  alike  as  there 
is  very  little  difference  in  construction  except  in  details  of 
shoe  design  and  in  methods  employed  to  keep  the  pantagraph 
shoe  against  the  wire.  The  same  frame  and  practically  the 
same  raising  and  lowering  sections  or  parts  could  be  used 
on  a  high-speed  passenger  locomotive  or  a  freight  locomotive 
with  single-phase  11,000-volt  current  supply;  or  in  connection 
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with  the  collection  of  current  from  the  high-voltage  direct- 
current  overhead  wire  at  3000  volts.  It  is,  however,  necessary 
to  consider  the  shoe  details  in  designs  for  the  different  types 
of  locomotives  and  for  the  different  electrical  systems. 

For  high-speed  service  it  is  very  important  to  have  the 
shoe  flexibily  supported  to  the  main  framework  of  the  panta- 
graph  so  that  it  will  respond  to  the  slight  irregularities  in 
the  trolley  wires  and  thereby  eliminate  sparking;  constant 
contact  is  then  maintained  which  would  not  exist  without 
this  feature.  The  shoe  itself  is  of  small  mass  compared  to 
the  whole  pantagraph  frame  so  that  while  the  flexibly  sup- 
ported shoe  will  cjuickly  adjust  itself  to  the  irregularities,  the 


Fig.  68 — Standard  Pantagraph  Frame  Fitted  with  Flexible  Shoe  and 
Designed  for  Operating  with   11,000  Volts  at  the  Trolley. 

frame,  due  to  its  inertia,  will  not  respond;  without  this  flexi- 
bility sparking  would  occur. 

A  standard  pantagraph  frame  fitted  with  a  flexible  shoe 
for  high-speed  service  and  for  the  collection  of  the  power  at 
11000  volts  is  shown  in  its  "Down"  or  "Lock"  position  in 
Fig.  68  and  also  at  nearly  its  maximum  height  or  raised  posi- 
tion in  Fig.  69.  The  pantagraph  is  secured  to  a  base  made  up 
of  angle   iron,  mounted  on  insulators. 

Pantagraph  Insulators. — The  insulators  are  mounted  on 
steel  pins  having  wide  bases  which  are  bolted  to  the  roof  of 
the  locomotive.  Some  installations  using  11000  volts  have 
four  insulators  bolted  to  a  frame  which  is  also  insulated  from 
the  roof  of  the  locomotive,  so  that  between  the  11000  volts 
and  ground  there   are  two   insulators   in   series,   thus   giving 
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double  insulation.  The  detail  design  of  this  high-voltage  in- 
sulator is  shown  in  Fig.  70.  An  iron  cap  A,  with  an  outside 
diameter  greater  than  the  porcelain  petticoats  forms  the  top 
part  of  the  insulator.    An  insulator  on  top  of  a  locomotive  is 


Fig.  69 — Standard  Pantagraph  in  Raised  Position. 


subjected  to  damage  from  external  sources  and  one  of  the 
petticoat  type  especially,  shovild  be  protected.  As  shown  in 
the  illustrations,  the  angle  iron  base  of  the  pantagraph  is 
bolted  to  the  iron  cap ;  some  form  of  cap  cemented  to  the 
insulator  is  necessary,  and  it  is  an  easy  matter  to  design  one 
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with  a  flange  to  protect  the  porcelain.  Between  the  steel  cap 
and  the  first  porcelain  petticoat  is  placed  a  lead  washer  or 
disc  B,  2]/^  in-  hi  diameter,  to  form  a  cushion  and  to  prevent 
breakages  while  assembling  the  parts.  x\lso  sufficient  space 
is  formed  so  that  the  rest  of  the  space  may  be  filled  by  cement 
C,  and  thus  the  steel  cap  does  not  come  into  contact  with  the 
porcelain.  Between  the  second  petticoat  and  the  steel  pin  E, 
there  is  placed  a  steel  disc  D,  2]4,  in-  in  diameter.     The  pin  is 


Fig.  70 — High-Voltage  Insulators  Support  the  Pantagraph  Frame. 

fastened  to  the  insulator  base  G,  by  the  U-bolt  F.  This  par- 
ticular type  of  insulator  is  rugged  and  moreover  electrically, 
has  a  very  high  factor  of  safety. 

Another  and  less  costly  method  of  insulation  designed  for 
use  with  SOOO-volt  direct-current  is  illustrated  in  Fig.  75. 

Pantagraph  Framework. — A  typical  construction  is  shown 
in  Fig.  71.  The  framework  consists  of  four  movable  mem- 
bers, two  upper  and  two  lower.  The  two  upper  members  are 
hinged  together  at  the  top  and  the  upper  end  of  each  lower 
frame  is  clamped  securely  to  a  casting  which  is  pinned  to  a 
cross  shaft,  of  which  there  are  two  placed  parallel  to  each 
other.  The  casting  to  which  the  frame  is  clamped  also  in- 
cludes a  cam  over  which  passes  a  chain  extending  from  the 
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spring.  The  curvature  of  the  cam  is  such  4hat  the  shoe  will 
exert  a  fairly  uniform  pressure  throughout  the  operating 
range  of  the  pantagraph  but  Avill  increase  near  the  down  or 
locked  position,  so  that  when  the  pantagraph  latch  is  unlocked 


Lowe  r    Fram  <z  . 

Fig.  71 — Construction    Details    of    the    Pantagraph    Frame. 

or  released,  the  tr(,)lley  will  start  to  rise  promptly  and  quickly; 
when  lowered,  increase  in  pressure  tends  to  cushion  it. 
Pantagraphs  designed  for  use  on  equipment  operated  at  high 
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speeds  have  tubes  made  from  high  carbon  steel.  The  frames 
are  cross-braced  to  give  lateral  stability.  The  side  members 
are  built  up  of  two  tubes,  one  inside  of  the  other. 

The  first  designs  of  pantagraph  trolleys  had  horizontal 
cross  members  so  that  each  frame  section  was  rectangular 
in  shape.  With  these  horizontal  cross  members  eliminated, 
more  space  is  available  on  the  roof  of  the  locomotive  without 
detriment  to  the  strength  and  stability  of  the  pantagraph. 

The  pantagraph  trolley  illustrated  in  Figs.  68  and  69  is  the 
most  common  type ;  it  is  raised  by  means  of  springs,  and 
lowered  by  air  pressure.  The  springs  consist  of  two  sets  of 
two  each ;  they  work  under  tension  and  exert  a  force  which  is 
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Fig.  12 — Air-Cylinder  for  Lowering  the  Pantagraph. 

transmitted  from  the  springs,  through  the  chains  and  cams, 
to  the  two  shafts  which  rotate  and  thus  raise  the  frame. 

Air  pressure  is  used  to  lowed  the  pantagraph,  the  reverse 
rotation  of  the  shafts  being  accomplished  by  levers  and  links 
connected  to  two  air  pistons,  one  located  on  either  side  as 
shown  in  the  illustration. 

The  details  of  the  piston  are  shown  in  Fig.  72.  The  cast 
iron  cylinder  A,  is  tapped  for  air  connection  as  shown.  The 
end  of  the  piston  B,  pushes  against  the  lever  C,  the  other  end 
of  which  is  connected  to  the  links  rjunning  to  the  levers  on  the 
shafts.  The  piston  is  limited  in  travel  by  the  lever  coming  up 
against  the  cylinder  cover  D.  A  form  of  piston  leather  similar 
in  design  to  the  piston  leathers  of  air  operated  multiple-unit 
control  switches,  is  used;  the  piston  B,  is  slightly  cupped  so 
as  to  fit  the  leathers  which  are  ctip  shaped.  The  piston 
leather  E,  is  3-ply,  each  ply  being  separate  but  the  three 
formed   together.      Between    the    leather   and    the    cast    iron 
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washer  indicated  as  F,  is  placed  the  piston  leather  expander  G. 
The  Latch.^When  the  pantagraph  trolley  is  lowered,  it  is 
held  in  the  "down"  position  by  means  of  a  latch  which  catches 
over  the  cross  casting  B,  of  the  upper  frame — Fig.  71.  The 
latch  is  unlocked  by  air  pressure,  releasing  the  pantagraph 
which  is  carried  up  by  the  springs.  The  details  of  the  com- 
plete latch  are  shown  in  Fig.  7Z.  It  consists  of  a  cylinder  A, 
latch  B,  piston  rod  C,  retaining  plate  D,  piston  leather  E — of 


Fig.  IZ — Details  of  Latch. 


same  general  construction,  with  follower  and  expander,  as  in 
the  air  cylinder ;  and  spring  F. 

Pantagraph  Shoe  for  Alternating  Current. — The  general  de- 
sign of  the  pantagraph  shoe  depends  largely  on  the  class  of 
service  in  which  the  locomotive  is  to  operate.  If  the  panta- 
graph is  mounted  on  a  high-speed  passenger  locomotive  or 
multiple-unit  car,  comparatively  small  currents  are  required. 
Where  this  current  does  not  exceed  100  amperes  at  starting 
and  is  approximately  50  amperes  at  full  speed,  the  shoe  can 
be  made  of  sheet  steel  4  in.  wide  and  ^^  in  thick.  In  high- 
speed service,  the  shoe  should  be  flexibly  supported ;  this  is 
accomplished  by  inserting  between  the  shoe  and  the  frame  a 
small  pantagraph  only  4  in.  to  5  in.  high  at  either  end,  fitted 
with  light  springs  which  are  under  compression  when  the  shoe 
is  against  the  wire.  This  arrangement  gives  the  shoe  a 
vertical  movement  of  approximately  2  in.  to  3  in.  independent 
of  the  movement  of  the  pantagraph  frame  itself.  The  weight 
of  the  shoe  is  extremely  light  compared  with  the  weight  of 
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the  frame  and  therefore,  due  to  the  sHght  inertia,  it  will 
readily  accommodate  itself  to  irregularities  of  the  wire, 
whereas  the  frame  could  not  respond  so  quickly.  Not  only  do 
these  small  pantagraphs,  have  a  vertical  movement,  but  they 
also  allow  the  shoe  to  drag  slightly  in  either  direction.  This 
design  secures  quicker  movement  of  the  shoe  and  it  thus 
follows,  more  nearly,  the  variations  in  the  wire. 

On  either  end  of  the  wearing  section  of  the  pantagraph 
shoe  is  mounted  a  horn — for  lightness  it  is  made  of  aluminum ; 
the  curvature  of  the  horn  is  such  that  when  entering  from  a 
cross-over,  and  picking  up  the  trolley  wire,  a  blow  will  not 
result,  but  the  wire  will  pass  smoothly  over  the  horn  to  con- 
tact with  the  steel  wearing  section.  A  copper  shunt  at  each 
end  by-passes  the  current  around  the  flexible  connections  of 
the  shoe.  One  end  of  the  shunt  is  connected  to  the  horn 
casting,  to  which  the  wearing  plate  is  attached,  and  the  other 
end  to  the  frame.  A  hook  is  provided  at  the  end  of  the  horn 
so  that  if,  due  to  slight  displacement  of  the  wire  or  from  other 
causes,  the  overhead  contact  wire  should  slip  off  the  steel 
wearing  section  to  the  aluminum  horn,  the  hook  would  norm- 
ally prevent  it  from  slipping  entirely  off  the  shoe  and  thus 
will  prevent  damage  to  the  pantagraph  due  to  "hooking  over" 
the  wire.  For  slow-speed  operation  this  flexible  shoe  arrange- 
ment is  not  generally  required  although  it  is  desirable. 

If  the  current  exceeds  100  amperes  in  starting,  mpre  metal 
is  required  in  the  shoe  to  absorb  the  heat.  To  handle  starting 
currents  of  250  amperes  and  running  currents  of  150  amperes, 
the  shoe  must  be  six  inches  wide  and  not  less  than  J/^-inch 
thick.  When  the  starting  current  exceeds  250  amperes,  it  is 
desirable  to  place  copper  strips  on  the  steel  shoe,  and  currents 
up  to  500  amperes  can  then  be  collected  satisfactorily. 

Pantagraph  Shoe  for  High-Voltage  Direct  Current. — The 
foregoing  has  described  rather  fully,  the  construction  and 
design  of  the  pantagraph  trolley  for  high-voltage  single- 
phase  operation  on  locomotives  of  various  speeds  and  capacity. 
While  the  pantagraph  was  being  developed  in  connection  with 
single-phase  operation,  the  direct-current  system  had  not  been 
used  at  the  high  voltage  of  2400  volts  or  3000  volts,  so  that 
for  heavy  traction,  the  direct  current  was  being  collected 
from  a  third  rail.     In  later  years,  however,  the  high-voltage 
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direct-current  has  been  developed  and  as,  on  account  of  insu- 
lation and  creepage  distances  this  high  voltage  could  not  be 
handled  on  a  third-rail,  it  has  been  necessary  to  use  an  over- 
head wire.  It  therefore  became  necessary  to  consider  the 
pantagraph  type  of  collector,  as  it  is,  in  general,  a  high-speed 
collector.  The  problem  involved,  however,  the  questions  of 
how  to  collect  from  the  wire,  the  amount  of  current  neces- 
sary; a  form  of  type  of  shoe  that  would  satisfactorily  collect 
the  high  currents  required. 

The  first  type  of  shoe  used  in  this  service  was  of  a  roller 
design.  It  consisted  of  a  steel  tube  5  in.  in  diameter,  24  in. 
long,  and  of  ^  in.  thickness  after  being  machined  both  inside 
and  outside.  A  shoe  of  this  type,  fitted  with  two  horns,  was 
found  to  be  extremely  heavy  for  pantagraph  trolley  con- 
struction; the  complete  roller,  including  the  bearings,  weighed 
approximately  31  lb.  as  compared  with  5  lb.  for  sliding  type 
of  shoe.  In  order  that  the  roller  would  follow  the  irregularities 
of  the  trolley  wire,  some  flexibility  was  secured  by  operating 
with  a  pressure  of  approximately  35  to  38  lb.  against  the 
wire.  This  high  pressure  was  sufficient  to  raise  the  contact 
wire  to  a  height  at  which  the  weight  of  the  wire  equalized 
the  upward  pressure  of  the  pantagraph,  and,  as  the  hangers 
supporting  the  trolley  wire  from  the  messenger  cable  were 
of  strap  steel  looped  over  the  messenger,  and  permitted  free 
upward  movement  of  the  wire,  the  flexibility  was  in  the  trolley 
wire  rather  than  in  the  shoe.  While  the  roller  shoe  was  de- 
veloped so  that  it  would  operate  with  some  degree  of  success 
it  was  not  an  ideal  arrangement.  The  ordinary  type  of  bear- 
ings could  not  be  used,  as  after  a  short  period  of  service  the 
roller  would  jam  and  cease  to  revolve  and  immediately  a 
groove  would  be  worn  in  the  roller  or  a  flot  spot  formed,  ren- 
dering it  unfit  for  service.  While  special  oil-lubricated  sleeve 
bearings  gave  fairly  satisfactory  service  for  freight  service 
at  speeds  of  15  to  30  miles  per  hour,  there  was  excessive  wear 
in  passenger  service  at  speeds  of  45  to  50  miles  per  hour  and 
special  roller  bearings  were  necessary. 

The  operation  of  the  roller  type  of  pantagraph  shoe  was  so 
unsatisfactory  that  a  study  was  made  as  to  what  could  be 
accomplished  with  the  sliding  shoe  in  high-voltage  direct- 
current    service.      Not   alone    was    this    type    of   pantagraph 
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heavy  and  costly,  but  the  principle  of  design  did  not  lend  itself 
to  high-speed  heavy  traction  as  the  rapid  revolution  of  the 
roller  at  high  speeds  made  it  necessary  to  have  the  balance 
perfect. 

As  already  mentioned,  currents  up  to  500  amperes  had  been 
collected  satisfactorily  by  a  single  shoe  fitted  with  copper 
contacts.  To  collect  the  current  demanded  with  3000-volt 
direct-current   operation,   a  double   shoe   has   been  developed 


Fig.  74 — Details  of  Pantagraph  Shoe  aiul  Method  of  Mounting  on  Frame. 

which  is  capable  of  collecting  1200  amperes  at  starting  and 
600  amperes  at  a  speed  of  60  to  70  miles  per  hour. 

The  pantagraph  construction  is  the  same  as  the  single  shoe 
type  except  that  instead  of  having  one  shoe  located  centrally, 
there  are  two  similar  shoes  placed  parallel  to  each  other  6  to  8 
inches  apart.  Each  shoe  is  flexibly  supported  and  operates 
independently  of  the  other.  The  details  of  the  shoe,  construc- 
tion and  the  method  of  mounting  on  the  frame  are  shown 
in  Fig.  74. 

The  sliding  shoe  has  screwed  to  it,  strips  of  copper,  A ;  at  the 
center  these  strips  are  double  thickness  as  the  trolley  wire  is 
near  the  center  of  the  shoe  the  greater  part  of  the  time  and 
there  is  greater  wear  than  occurs  at  the  ends.  For  mounting 
the  shoe,  each  horn  is  fitted  with  an  arm  or  lever  B,  which 
is  pinned  to  the  frame.  A  spring  C  is  used  to  obtain  the 
auxiliary  pressure  and  to  provide  flexibility.  Shunts,  D,  of 
braided  copper,  carry  the  current  around  joints  and  springs. 

Pantagraph  Insulator  for  3000-Volt  Direct  Current.— With 
3000-volt  operation,  it  is  not  necessary  to  fit  the  pantagraph 


160 


RAILROAD    ELECTRIFICATION 


with  the  high-voltage  insulator  illustrated  by  Fig.  62,  but  a 
cheaper  one  can  be  used.  For  this  service  a  type  as  shown  by 
Fig.  75  has  been  developed. 

The  porcelain  insulator  A,  is  secured  to  the  stand  B,  by  the 
clamp  C.     Between  the  clamp  and  the  porcelain  is  placed  a 
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Pig.  75 — A  Pantagraph  Supporting  Insulator   for  3000- Volt  Operation. 


lead  D.  A  wrought  iron  bushing  E,  fits  the  inner  bore  and 
malleable  iron  bushings  F,  are  provided  for  the  mounting  of 
the  base  of  the  pantagraph  on  the  insulators. 

Methods  of  Pantagraph  Operation. — The  pantagraphs  de- 
scribed are  of  a  type  which  can  almost  be  termed  "standard" 
in  this  country,  in  that  they  are  spring-raised  and  air-lowered. 
There  are  however,  several  other  methods  of  pantagraph 
operation  used  which  will  be  described  briefly. 

One  of  the  simplest  is  the  "spring-raised  hand-lowered." 
This  arrangement  was  used  in  many  of  the  earliest  types ;  it 
follows  the  same  principle  as  the  trolley  used  with  the  ordi- 
nary street  car.  One  or  two  tension  springs  is  sufficient  to 
obtain  the  required  pressure  and  an  insulated  rope  fastened 
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to  the  under  part  of  the  shoe  or  frame  provides  the  means  of 
pulhng  the  trolley  down  by  hand. 

A  type  in  which  the  method  of  operation  is  just  the  op- 
posite of  the  American  "Standard"  has  been  used  extensively 
in  Europe.  Air  is  used  to  raise  the  pantagraph  and  it  is 
lowered  by  gravity.  Pantagraphs  of  this  type  have  been  used 
in  this  country,  although  not  extensively.  Their  great  dis- 
advantage is,  that  when  there  is  no  air  on  the  locomotive  the 
shoe  must  be  held  against  the  wire  until  the  electric  com- 
pressor has  operated  long  enough  to  pump  up  an  air  pressure 
sufficient  to  keep  the  shoe  in  contact. 

In  the  operation  of  the  "standard"  air-lowered  pantagraph, 
the  full  air  pressure  should  not  be  admitted  to  the  "trolley 
down  "cylinders,  as  the  motion  will  be  too  rapid,  resulting  in 
breakage  of  the  frame,  etc.  To  prevent  a  sudden  pressure,  a 
diaphragm  having  a  hole  1-16  in.  in  diameter  should  be  in- 
serted at  a  union  in  the  air  connection  to  the  main  cylinder ; 
the  pantagraph  can  then  be  brought  down  slowly.  Rubber 
hose  is  used  for  the  air  connections  and  these  must  be  of 
sufficient  length  so  that  under  conditions  of  snow  and  sleet 
the  creepage  distance  will  be  ample.  Care  must  be  taken 
that  the  rubber  hose  does  not  touch  the  roof,  otherwise  the 
creepage  distance  will  be  cut  down  and  flashing  of  the  high 
voltage  to  ground  will  occur. 

The  Oil  Circuit  Breaker. — The  current  collected  by  the 
pantagraph  is  carried  into  the  cab  through  a  high  tension 
cable  passing  through  a  pipe.  One  end  of  this  cable  is  secured 
to  the  framework  of  the  pantagraph  and  sufficient  length  of 
cable  is  left  outside  of  the  pipe  to  prevent,  creepage  of  the 
current  during  rain  or  sleet— usually  from  3  to  4  feet.  The 
cable  terminates  in  an  oil  circuit  breaker.  This  circuit  breaker 
is  used  to  close  the  high-voltage  current  to  the  transformer 
and  it  corresponds  to  the  main  switch  of  a  low-voltage  circuit 
but,  in  addition,  its  action  is  automatic,  opening  on  overloads 
or  short  circuits  in  the  locomotive. 

One  of  the  latest  type  of  circuit  breaker  is  shown  in  Fig.  76. 
It  consists  of  an  operating  handle,  fitted  with  a  releasing  trig- 
ger which  is  connected  to  a  rod  of  insulating  material  carrying 
contacts,     \\nien  the  handle  is  pushed  down  the  movable  con- 
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tacts  are  raised  and  make  contact  with  stationary  contacts, 
thereby  connecting  the  high  tension  line  to  the  transformer. 
The  contacts  are  surrounded  by  oil  carried  in  a  tank ;  the  oil 
is  used  to  extinguish  the  high-voltage  electric  arc  which  is 


For  Hand 
Closing^ 


Fig.  76 — Oil  Circuit-Breaker   for 
Locomotive  Use. 


Fig.   n  —  Contact   Arrange- 
ment   of    circuit-breaker. 


formed  as  the  circuit  breaker  opens,  the  effect  of  the  arc  being 
nearly  negligible  when  broken  in  the  oil. 

In  addition  to  the  hand  lever  an  air  piston  is  provided  and 
permits  remote  control  of  the  breaker  from  either  end  of  the 
cab.  The  use  of  the  hand  lever  is  necessary  only  when  there 
is  no  air  available  on  the  locomotive  as  when  first  starting. 

The  contact  arrangement  in  the  circuit-breaker  tank  is 
shown  in  Fig.  77 .  The  strips  on  the  movable  plunger  which 
carry  the  greater  part  of  the  current  after  the  SAvitch  is  closed, 
are  protected  from  being  burned  by  the  arc,  when  the  switch 
is  opened,  by  means  of  two  auxiliary  contacts  which  are  imder 
spring  tension  ;  these  auxiliary  contacts  are  first  to  close  and 
last  to  open  in  the  operation  of  the  switch. 


CHAPTER  XIX 
THE  THIRD-RAIL  SHOES 

There  are  two  types  of  third-rails,  the  over-running  and 
the  under-running.  The  location  of  the  contact  surfaces  in 
respect  to  the  running  rails  is  nearly  the  same  in  the  two 
types ;  in  the  case  of  the  over-running  type,  the  center  of  the 
contact  surface  is  located  approximately  27^  in.  from  the 
gage  line  of  the  running  rail  and  3^/2  in.  above  the  top 
of  it,  while  in  the  case  of  the  under-running  third  rail  the 
contact  is  28^4  i"-  from  the  gage  line  and  2^/^  in.  above  the 
top.  Sectional  views  of  the  two  types  of  construction,  were 
shown  in  Chapter  XVII. 

In  general  the  construction  of  the  third-rail-shoe  mechanism 
is  the  same  for  either  type  but  there  may  sometimes  be  con- 
ditions which  will  afifect  the  design  somewhat.  For  instance, 
the  New  Haven  passenger  locomotives  operate  for  a  greater 
part  of  the  time  on  alternating  current,  the  current  being  col- 
lected from  an  overhead  wire  by  means  of  a  pantagraph  but, 
as  these  same  locomotives  also  operate  over  the  tracks  of  the 
New  York  Central  it  is  necessary  also  to  use  third-rail  shoes 
and  these  must  be  designed  so  that  they  can  be  raised  out  of 
the  way  to  avoid  breaking  ofif,  when  the  locomotive  is  operat- 
ing on  the  alternating-current  system. 

The  Stationary  Third-Rail  Shoe. — Before  going  into  the  de- 
tails of  construction  of  the  folding  type  of  contact  shoe,  the 
stationary  or  fixed  type  will  be  described.  This  type  of  shoe 
mechanism  is  used  on  the  Pennsylvania  locomotives  operat- 
ing into  the  New  York  Terminal,  and  is  shown  in  Figs.  78  and 
79.  Two  hangers,  H,  are  bolted  to  the  truck  frame.  These 
hangers  are  provided  to  carry  the  shoe-beam,  B,  which  is 
made  of  an  insulating  material — usually  of  wood.     The  insu- 
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lating  material  is  necessary,  due  to  the  fact  that  when  the 
shoes  are.  in  contact  with  the  third  rail  all  metal  parts  con- 
nected with  them  are  "alive"  and  the  voltage  must  be  kept 
from  any  part  of  the  locomotive  that  is  grounded.  Sufficient 
distance  on  the  shoe-beam  must  be  allowed  between  the  hang- 
er and  the  "live  parts,"  so  that  creepage  will  not  occur 
even  when  the  beam  is  covered  with  dirt,  moisture  or  snow. 
It  is  important,  however,  to  keep  the  beam  clean  and  properly 
painted  with  an  insulating  paint  so  as  to  increase  the  factor  of 


Fig.  78 — One  Type  of  Over-running  Third  Rail  Shoe. 


safety  and  to  prevent  any  chance  of  this  creepage.  In  this 
connection  it  might  be  well  to  explain  the  term  "creepage." 
Voltage  is  analogous  to  pressure,  and  the  distance  which  elec- 
tric current  will  jump  through  the  air  varies  with  the  voltage. 
The  distance,  however,  is  extremely  short,  being  only  a  small 
fraction  of  an  inch  for  11,000  volts — about  ^4  ^^-  While  the 
distance  that  an  electric  current  of  600  volts  will  jump  is  very 
small,  the  creepage  distance  may  be  much  greater  and  de- 
pends on  the  condition  of  the  surface  over  which  the  current 
creeps.  As  an  illustration  of  this,  consider  the  third-rail 
beam :  If  this  beam  is  charred  and  wet,  and  covered  with  dust 
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and  dirt,  the  voltage  may  actually  cause  the  current  to 
"creep"  several  inches  along  the  surface  of  the  beam  to 
"ground,"  thereby  causing  a  short  circuit.  No  creepage 
would  exist  if  the  beam  was  kept  smooth,  and  painted  and 
clean. 

On  the  beam,  B,  is  mounted  the  toothed  bracket,  C.  This 
bracket  is  adjustable  so  that  the  shoes  can  be  set  by  gauge  to 
a  certain  height;  the  adjustment  is  made  by  loosening  the 
bolts — D,  Fig.  79 — and  slipping  the  shoes  either  up  or  down, 
one  or  more  teeth,  as  is  found  necessary.    The  location  of  the 


Fig.  79 — ^Method  of  Supporting  Third-Rail  Shoes. 


third-rail  bears  a  fixed  relation  to  the  running  rails  or  track 
so  that  a  gauge  for  checking  up  the  location  of  the  shoes  may 
be  easily  provided.  A  simple  one  can  be  made  from  a  board, 
reinforced  with  iron  where  necessary  to  prevent  wear.  This 
gauge  is  set  on  the  running  rails  and  is  provided  with  an  ex- 
tension which  passes  under  the  shoe.  In  Fig.  78  there  is 
shown  a  dotted  position  of  the  shoe,  E,  which  is  1  in.  below 

the  normal  position the  lowest  allowable  position.      The 

shoe  must  not  be  more  than  1  in.  below  the  horizontal  or 
operating  position,  nor  be  less  than  ^  in.  when  hanging  free — 
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not  resting  on  the  rail.  These  dimensions  give  the  permissi- 
ble variation  in  location  of  the  shoe,  and  any  discrepancies 
can  easily  be  detected  by  means  of  the  gauge. 

While  the  third-rail  is  carried  on  either  insulators  or  brack- 
ets mounted  on  extended  ties,  and  is  located  in  reference  to 
the  running  rails,  there  are  irregularities  in  the  third-rail 
which  must  be  followed  by  the  shoes.  To  aid  in  this,  the 
springs  S,  are  used;  these  springs  are  slipped  over  the  shaft,  T, 
around  which  the  shoe  swings.  As  shown  in  the  illustration, 
the  shoes  are  beveled  or  rounded  on  either  side  in  order  to 
eliminate  any  sharp  corners  which  might  catch  on  the  third- 
rail,  and  result  in  breakage  of  the  shoe.  To  avoid  breakage, 
it  also  is  essential  that  the  shoes  be  kept  to  gauge,  otherwise 
considerable  trouble  will  be  experienced  from  this  source. 
To  prevent  any  serious  damage  to  the  equipment  the  shoes 
are  made  weaker  than  the  other  parts  of  the  apparatus,  so 
that  they  will  break  easily  if  they  should  strike  any  object 
and  thus  avoid  placing  a  severe  strain  upon  the  bracket  and 
the  shoe  beam. 

As  in  the  case  of  the  pantagraph  trolley,  braided  copper 
shunts  K  carry  the  current  around  the  joints  and  bearings. 
These  shunts  are  very  much  larger,  due  to  the  fact  that  the 
current  taken  by  the  third-rail  shoes  is  very  much  greater 
than  that  taken  by  the  pantagraph  shoe  in  the  11,000-volt 
operation.  The  high  voltage  is  18  to  20  times  greater  than  the 
third-rail  voltage,  so  that  for  the  same  horsepower  it  is  neces- 
sary to  collect  from  the  third  rail  18  to  20  times  the  amount 
of  electric  current.  The  lower  end  of  the  shunt  is  bolted 
directly  to  the  shoe  casting,  and  the  other  end  is  bolted  to 
a  part  of  the  bracket  which  forms  the  terminal  for  the  shoe 
lead  or  cable. 

The  under-running  third-rail  shoe  is  practically  of  the  same 
construction,  except  that  the  pressure  is  in  the  opposite  direc- 
tion— upward — and  that  the  normal  position,  when  hanging 
free  of  the  rail,  must  be  higher  than  the  third-rail  contact 
surface  in  order  to  provide  for  sufficient  upward  pressure 
against  the  inverted  rail. 

The  Folding  Third-Rail  Shoe. — A  third-rail  shoe  of  folding 
construction  is  used  on  the  New  York,  New  Haven  and  Hart- 
ford locomotives  and  multiple-unit  cars,  which  are  equipped 
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for  overhead  operation,  but  also  operate  over  the  third-rail 
system  on  the  New  York  Central.  As  previously  mentioned, 
tne  mechanism  is  arranged  so  that  the  shoe  can  be  raised 
wnen  nt»t  runnnig  on  the  third-rail  system,  so  as  to  be  within 
the  clearance  line  on  the  New  Haven  road.  In  addition  to 
this  feature  the  shoe  can  be  lowered  away  from  the  third- 
ra.l  approximately  5  in.  This  is  an  "emergency"  feature,  and 
provides  a  means  of  disconnecting  the  electric  power  entirely 
trom  the  locomotive  in  case  of  a  short  circuit  which  would  not 
be  disrupted  by  the  blowing  of  the  fuses.  On  a  large  elec- 
trihed  system  such  as  the  New  York  Central,  where  heavy 
drafts  of  power  are  taken  by  each  locomotive,  and  where  the 
current  delivered  to  the  third  rail  by  any  one  of  the  many 
substations  is  several  thousand  amperes  at  600  volts  at  the 
peaks,  it  is  necessary  to  set  the  circuit  breakers  to  "trip  out," 
at  a  comparatively  high  setting — approximately  8,t00  am- 
peres. Under  such  conditions  a  situation  could  arise  where 
the  short-circuit  arc  would  not  require  sufficient  current  to 
blow  the  breakers  in  the  substations,  so  that  this  emergency 
feature  is  a  desirable  one.  An  interesting  point  in  this  con- 
nection is  that,  when  the  third-rail  shoe  leaves  the  rail,  even 
with  the  heavy  main  motor  current  passing  through  the  shoe, 
an  electric  arc  does  not  persist,  but  is  cjuickly  disrupted,  due 
to  a  magnetic  blowout  action. 

The  details  of  the  shoe  and  operating  mechanism  are  shown 
in  Fig.  80.  The  assembly  is  mounted  on  a  shoe  beam  N, 
which  is  supported  from  the  truck.  Adjustment  for  height  is 
provided  for  by  a  series  of  teeth  T,  as  in  the  other  design  of 
shoe.  Due  to  the  size  of  the  mechanism,  it  is  not  as  prac- 
ticable, in  this  case,  to  adjust  the  casting  on  the  beam  as  it  is 
to  adjust  each  end  of  the  beam  at  its  point  of  support;  the 
latter  arrangement  is  followed. 

Remote  control  of  the  operation  of  the  shoe  from  the  inside 
of  the  locomotive  is  eflfected  by  air  pressure.  The  normal 
position,  when  on  the  New  Haven  lines,  is  av  position  A,  in- 
side of  the  clearance  line.  To  put  the  shoes  "down"  ready  for 
third-rail  operation,  air  pressure  is  admitted  to  the  top  com- 
partment, P,  of  the  cylinder,  D.  The  piston.  E.  is  pushed  down, 
also  forcing  down  the  lower  piston  F,  to  which  is  fastened  the 
piston  rod  connected  to  the  shoe.    The  piston,  E,  has  a  definite 
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travel,  and  when  it  reaches  the  position  as  shown  in  Fig.  80 
the  shoe  is  in  the  operating  position,  indicated  as  position  B ; 
when  the  shoe  reaches  position  B,  it  is  held  there  by  the  latch 
lever  or  toggle,  G. 

When  in  the  "down"  or  B  position,  the  shoe  is  tripped  by- 
air  pressure  in  the  small  latch  cylinder.    A  plunger  strike^-  the 


Fig. 


80 — Under-running — Third   Rail   Shoe   with  Emergency  Feature. 


casting  K,  pushing  the  latch  back  and  the  main  cylinder  spring 
S,  then  pulls  the  shoe  back  to  position,  A. 

The  emergency  position  of  the  shoe  is  shown  at  position  C. 
When  the  shoe  is  in  the  operating  position  piston,  F,  has  not 
yet  moved  its  full  distance,  there  still  being  approximately 
1  in.  additional  movement  allowable  before  the  lower  edge 
of  the  piston  will  rest  against  its  stop.  This  extra  travel  pro- 
vides an  allowance  for  the  emergency  position ;  the  shoe  is 
carried  to  position  C,  by  admitting  air  pressure  in  compart- 
ment, O,  between  the  two  pistons;  piston  E,  is  then  pushed 
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back  to   its   normal   position   and  piston   F,   down  to   its   full 
travel. 

Third-Rail  Shoe  Leads. — The  current  is  taken  from  the 
third-rail  shoes  into  the  locomotive  by  means  of  electric  con- 
ductors or  cables.  These  cables  do  not  pass  directly  into  the 
locomotive,  but  connect  to  a  fuse  box,  which  may  be  mounted 
on  the  third-rail  shoe  beam  just  above  the  shoes  or  on  the 
truck,  or  body  of  the  locomotive.  The  fuse  box  is  placed  in 
the  circuit  so  that  if  an  abnormal  current  passes  through  the 
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Fig.  81 — A  Simple  Alethod  of  Connecting  Fuse  Boxes.    TheHigh-Capacity 
of  the  Fuses  Required  by  this  Method  Reduces  the  Protection. 


fuse,  due  to  a  short  circuit  or  breakdown  of  the  main  cables 
and  apparatus,  the  fuses  will  "blow"  and  the  power  will  be 
cut  off;  damage  to  the  locomotive  will  thus  be  prevented. 
Generally  the  fuse  box  is  placed  as  close  to  the  shoes  as  prac- 
ticable, thus  reducing  to  a  minimum  the  length  of  unpro- 
tected cable  between  the  fuse  box  and  the  shoes. 

Generally  there  are  four  sets  of  third-rail  shoes  mounted  on 
the  locomotive,  two  on  either  side  near  each  end  of  the  loco- 
motive. By  having  contact  shoes  on  each  side,  the  locomotive 
may  be  operated  in  either  direction,  as  shoes  will  always  be 
available  on  the  side  toward  the  third  rail.  The  object  in  plac- 
ing them   at  the   ends  is  to  space  them  far  apart,   so  as  to 
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bridge  as  large  gaps  in  the  third  rail  as  possible.  It  has  been 
mentioned  that  gaps  in  the  third  rail  must  occur  at  cross- 
overs, intersections,  switches,  etc.,  since  it  is  impossible  under 
such  conditions  to  carry  the  third  rail  as  a  continuous  conduc- 
tor. The  locomotive  must  coast  over  these  gaps ;  with  the 
third-rail  shoes  spaced  at  the  maximum  distance,  the  time 
which  elapses  from  the  breaking  of  contact  on  the  rear  shoe 
until  the  making  of  contact  on  the  forward  shoe,  is  reduced 
to  a  minimum. 

There  are  two  general  methods  used  to  connect  the  contact 
shoes  with  the  fuse  boxes  and  the  main  conductor  leading  to 
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Fig.  82 — A  Method  of   Connecting  the  Fuse  Boxes.  Which 

Has    the    Advantage    of    Using    Fuses    of    Smaller 

Capacity  and  Thus  Affords  Better  Protection. 

the  main  switch.     One  arrangement  is  shown  in  Fig.  81  and 
the  other  arrangement  is  shown  in  Fig.  82. 

Arrangement  of  Fuse  Boxes. — In  the  arrangement  shown  in 
Fig.  81,  if  the  locomotive,  in  starting,  perhaps,  has  only  the 
No.  1  pair  in  contact  with  the  third  rail,  or  perhaps  the  No.  2 
pair  may  have  been  broken  ofif,  then  all  of  the  current  re- 
quired by  the  locomotive  must  be  taken  through  the  two 
fuses  which  are  connected  in  parallel.  Therefore,  the  fuses 
must  have  sufficient  capacity  to  carry  this  normal  current 
without  blowing.     Normally,  however,  both  sets  of  shoes  on 
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one  side  of  the  locomotive  are  in  contact  with  the  third-rail 
and  are  collecting  current,  and,  since  all  the  fuses  are  neces- 
sarily of  the  same  capacity,  with  two  sets  of  shoes  collecting 
current  there  is  really  twice  the  fuse  capacity  necessary. 

A  different  arrangement  is  shown  by  Fig.  82.  In  this 
method  the  shoes  on  the  two  sides  of  the  locomotive  are  in- 
terconnected, so  that  when  one  shoe  is  in  contact  with  the 
third  rail,  all  other  shoes  are  "alive,"  and  the  fuse  boxes  are 
arranged  so  that  they  all  are  in  the  circuit.  In  other  words, 
the  electric  current  taken  by  the  locomotive  is  drawn  through 
all  the  fuse  boxes  on  the  locomotive,  even  when  only  one  set 
of  shoes  is  in  contact  with  the  third  rail. 

With  this  arrangement,  the  fuses  may  be  of  much  lower 
capacity  than  if  all  the  current  is  taken  by  the  locomotive 
through  one  fuse,  or  in  some  cases  two  fuses  in  a  parallel. 

As  an  example  :  with  the  fuse  arrangement  shown  in  Fig. 
81,  assume  that  the  current  taken  by  the  locomotive  is  6,000 
amperes.  Under  the  conditions  existing  when  only  one  set 
of  shoes  touch  the  third  rail,  the  single  fuse  would  then  re- 
quire a  capacity  in  excess  of  6,000  amperes  and  would  be  re- 
Cjuired  to  handle  this  current  for  the  period  of  time  necessary 
for  the  locomotive  to  start  a  heavy  train  and  until  the  second 
set  of  shoes  on  the  same  side  came  in  contact  with  the  third- 
rail.  By  connecting  the  fuse  boxes  on  the  side  of  the  locomo- 
tive opposite  the  set  of  shoes  in  contact  with  the  rail,  as  in 
Fig.  82,  the  current  drawn  from  the  power  line  by  the  locomo- 
tive is  divided  among  all  of  the  fuse  boxes.  If  four  of  these 
fuses  were  in  parallel  handling  this  current,  then  1,500  am- 
peres would  be  the  amount  passing  through  each  fuse ;  there- 
fore, a  fuse  of  2,000  amperes  capacity  could  be  used  instead 
of  one  of  8,000  amperes,  as  would  be  required  if  a  single  fuse 
box  were  used,  or  4,000  amperes  if  two  boxes  in  parallel  were 
used  as  shown  in  Fig.  81.  With  both  sets  of  shoes  on  one 
side  of  the  locomotive  in  contact  with  the  third  rail,  and  with 
the  arrangement  shown  in  Fig.  81,  16,000  amperes  would  have 
to  flow  before  the  fuses  would  blow,  and  thus  the  protection 
afforded  by  the  fuses  is  reduced  materially.  The  capacity  of 
the  fuse  should  not  be  much  in  excess  of  that  actually  re- 
quired so  that,  in  case  of  trouble,  the  fuses  will  blow  imme- 
diately, thus  removing  current  from  the  locomotive  and  pre- 
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venting  further  damage.  In  the  arrangement  shown  in  Fig. 
82.  four  sets  of  shoes  are  shown ;  the  fuse  boxes  are  indicated 
as  a,  h,  c,  d,  e,  f,  h,  and  /',  and  are  connected  with  the  third  rail 
shoes  and  wath  each  other,  by  the  cable  connections,  m,  n,  o  to 
V  and  r.  With  this  arrangement  the  current  taken  by  the 
locomotive  through  the  lead,  c,  passes  through  four  fuse  boxes 
b,  c,  f  and  h,  regardless  of  whether  one  set  of  third-rail  shoes 
or  more  are  in  contact  with  the  rail.  Referring  to  Fig.  82: 
the  No.  1  set  of  shoes  is  in  contact  w-ith  the  third  rail ;  the 
flow  of  the  electric  current  through  the  cable  is  then  as  fol- 
lows :  Current  passes  up  through  the  cable  n,  part  going 
through  the  fuse,  h,  along  the  cable,  p,  and  through  y  and  z. 
Current  also  passes  along  the  cable,  q,  to  the  fuse  box,  /, 
through  the  box,  and  thence  to  cable,  y  and  .c.  The  current 
which  passes  from  the  third-rail  shoes  up  the  cable,  o,  goes 
through  fuse  box  a,  thence  to  the  other  end  of  the  locomotive, 
through  fuse  box  rf,  through  cables,  j  and  k,  to  fuse  l^ox  c, 
through  this  fuse  box  to  cable,  ic,  and  thence  to  3'  and  z.  Re- 
ferring back  to  cable  ;/,  the  current  goes  through  q,  as  pre- 
viously mentioned ;  part  of  its  goes  through  fuse  box,  /.  Cable 
q,  also  connects  to  cable  r,  and  the  current  passes  thence  to 
cable  s,  to  the  fuse  box  c,  to  cable  t,  to  fuse  box  ■/,  to  fuse  box 
//,  and  then  through  cable  zc  to  y  and  z.  From  this  it  is  evi- 
dent that  there  are  four  circuits  for  the  current  to  pass 
through,  wMth  only  one  set  of  shoes  in  contact. 

The  Fuse  Box.— The  fuse  box  designed  for  general  railway 
electrification  work  is  of  the  copper-ribbon  magnetic  blow-out 
type.  The  blow-out  arrangement  i^  extremely  simple  as  the 
copper  ribbon  fuse  itself  is  the  source  of  blow-out.  It  is  so 
located,  with  reference  to  certain  iron  parts  of  the  fuse  box, 
that  it  forms  a  coil  of  one-half  turn  and  sets  up  the  magnetic 
flux  necessary  to  extinguish  the  arc.  With  this  arrangement, 
whereby  the  fuse  itself  is  the  source  of  the  blowout,  it  is  ob- 
vious that  with  a  heavy  current  a  much  stronger  blow-out  is 
obtained  than  wath  a  low  current.  The  capacity  of  the  box  is 
not  limited  to  a  heavy  current,  in  fact,  it  may  happen  that  the 
arc  will  be  disrupted  more  easily  than  with  a  low  current. 
For  the  same  reason  it  is  usually  found  that  the  more  severe 
the  short  circuit  the  more  easily  the  arc  is  disrupted. 

The  construction  of  a  copper-ribbon  magnetic  blow-out  type 
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of  fuse  box  is  shown  in  Fig.  83.  The  body  of  the  box  is  made 
of  hard  white  fibre  with  the  back  and  lids  made  of  non-warp- 
ing material,  or  the  whole  may  be  moulded  from  an  insulating 
material. 


Fig.  83 — Railway  Fuse-Box  Equipped  with  Magnetic  Blowout. 

The  iron  "I"  is  arranged  on  the  outside  of  the  box  and  forms 
the  pole  pieces  and  magnetic  circuits.  It  is  convenient,  al- 
though not  necessary,  to  have  the  lid  of  the  box  open  as 
shown  in  the  illustration,  as  the  fuse  can  be  replaced  more 
easily  than  if  the  box  is  solid.    The  fuse,  F,  is  held  in  place  by 
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Avedge-shaped  blocks,  W,  which  are  drawn  into  the  jaws,  J,  by 
turning  the  knobs  K.  The  leads  carrying  the  current  enter 
the  jaws,  J,  at  the  back  of  the  fuse  box.  The  fuses  are  made  of 
copper  ribbon  with  a  hole  punched  at  the  center ;  the  amount 
of  metal  either  side  of  the  hole  determine  the  rating  of  the 
fuse  and  if  this  rating  is  exceeded  the  fuse  will  blow.  The 
hole  determines  where  the  fuse  will  melt  open  in  case  of  an 
overload,  and  is  located  at  the  center  so  as  to  have  the  arc 
start  at  this  point. 

In  railway  work  there  is  a  wide  variation  in  the  current 
used.  Fuses  for  railway  .service  are  rated  at  one-half  the 
current  that  will  cause  them  to  blow  in  30  seconds.  For  in- 
stance, a  l,0CO-ampere  fuse  is  one  that  will  blow  in  30  seconds 
if  2,000  amperes  are  passed  through  it.  On  account  of  the 
intermittent  load  which  occurs  in  railway  service,  the  rated 
capacity  of  the  fuses  which  must  be  installed  to  take  care  of 
the  current  peaks,  is  much  greater  than  the  equivalent  cur- 
rent wliicli  ihey  must  carry  continuously. 


CHAPTER  XX 
THE  TRANSFORMER  AND  AUXILIARY  APPARATUS 

As  has  already  been  stated  electric  locomotives  divide  them- 
selves into  two  classes :  those  operating  on  alternating  cur- 
rent and  those  on  direct  current,  \yhile  much  of  the  control 
apparatus  is  similar  in  the  two'classes,  there  is  a  decided  dif- 
ference in  the  scheme  of  control.  First  consider  the  high- 
voltage  alternating-current  locomotives  and  then  the  direct- 
current  locomotive  and  point  out  in  the  description  of  the 
latter  wherein  the  control  differs. 

The  Transformer. — The  high-voltage  alternating  single- 
phase  current  is  carried  from  the  pantagraph  to  an  oil  circuit- 
breaker  which  has  been  described  in  a  preceding  chapter.  The 
high-tension  circuit  breaker  is  used  to  connect  the  power  to  a 
transformer,  or  transformers,  as  the  case  may  be,  these  trans- 
formers being  used  to  "step  down"  the  high  voltage,  usually 
11,000  volts,  to  a  voltage  suitable  for  the  motors  and  auxiliary 
apparatus ;  the  auxiliary  apparatus  consisting  of  the  com- 
pressor, the  blower  and  the  lights.  The  construction  of  this 
design  of  transformer  is  not  radically  different  from  any  other 
transformer.  How^ever,  it  has  to  meet  a  different  condition 
than  does  the  industrial  transformer  in  that  it  is  subjected 
to  voltage  surges,  incidental  to  locomotive  operation,  and  also 
to  moisture  where  the  air-cooled  type  is  used.  Heavier  insu- 
lation must  be  used  on  the  outside  coils  and  greater  creepage 
distances  must  be  allowed  to  prevent  failure  under  railroad 
operation.  A  few  of  the  earlier  locomotives  were  equipped 
with  oil-cooled  transformers,  but  the  air-cooled  type  is  gen- 
erally used. 

Shell  type  transformers  are  used  for  locomotive  work.  In 
this  type  the  coils  are  wound  in  single  sections  with  square 
or  rectangular  copper   wire  ;  they  are   rectangular  in   shape. 
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After  winding  they  are  clamped,  and  so  held  to  an  exact  size 
during  the  dipping  and  drying,  which  completes  the  process 
of  manufacture.  The  copper  wire  is  insulated  by  paper  or 
cloth,  which  must  be  treated  so  as  to  become,  in  effect,  a  part 
of  the  coil.  The  treatment  consists  of  repeated  dipping  of  the 
coils  in  a  vat  of  varnish  and  drying  them  in  ovens.     The  var- 
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-Transformer   Coils   and   Insulation   Assembled   and 
Ready  for  Applying  the  Core. 


nish  is  of  a  special  composition,  free  from  any  substance 
which  would  be  injurious  to  the  insulation  and  especially 
suited  to  withstand  electrical  pressure  or  voltage,  as  well  as 
heat.  The  coils  are  first  thoroughly  dried,  then  dipped  in  var- 
nish and  drained  and  again  dried,  this  cycle  being  repeated 
until  the  surface  is  thoroughly  coated  with  varnish ;  usually 
about  six  dippings  are  necessary.     By  this  process  the  insula- 
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tion  is  thoroughly  impregnated,  the  turns  are  bound  together 
and  the  whole  insulation  strengthened. 

These  coils  are  assembled  side  by  side  in  groups  and  bound 
together  to  make  the  transformer.  It  is  well  known  that 
electric  current  flowing  through  copper  wire  produces  heat. 
In  order  to  get  the  most  out  of  the  copper  used,  the  trans- 
former should  be  worked  at  a  high  temperature,  but,  of 
course,  not  sufficient  to  exceed  the  safe  heat  limit.  As  electric 
current  flowing  through  copper  produces  considerable  heat, 
it  is  therefore  necessary  to  get  rid  of  the  excess  heat  gen- 
erated in  the  transformer  coils  in  order  to  avoid  "burnouts." 
To  do  this,  the  coils,  when  grouped  together  side  by  side^  are 
not  placed  in  contact  with  each  other ;  strips,  inserted  between 
the  coils,  are  so  placed  that  ducts  are  formed  and  the  heat  can 
be  carried  away  by  the  air  which  is  blown  through.  These 
ventilating  ducts  must  be  of  sufficient  size  and  number  to 
insure  a  uniform  temperature,  and  must  be  correctly  located 
so  that  hot  spots  will  not  exist ;  if  a  part  of  the  coil  is  not 
properly  cooled  it  will  be  overheated  and  cause  a  burnout. 

The  spacing  strips  may  be  straight — the  type  used  in  air- 
blast  transformers — or  they  may  be  wavy  in  form,  as  used  in 
oil-insulated  transformers  and  shown  in  Fig.  84.  These  strips 
vary  in  thickness,  depending  on  the  size  and  type  of  the  trans- 
former ;  an  average  thickness  would  be  approximately  Vo  in. 

The  iron,  consisting  of  punchings  of  silicon  steel  less  than 
.02  in.  thick  in  the  shell  type  of  transformer,  is  built  around 
the  group  of  coils,  enclosing  them  entirely.  When  com- 
pleted, the  transformer  has  the  appearance  shown  in  Fig.  85, 
the  iron  forming  a  shell  around  the  main  body  of  the  assem- 
bled coils,  only  the  ends  projecting.  The  transformer  is  en- 
closed in  a  sheet  iron  case,  and  the  air  enters  at  one  end  and 
passes  out  at  the  other. 

The  Auto-Transformer. — There  are  two  types  of  trans- 
formers used  in  connection  with  electric  locomotives ;  the 
auto-transformer  and  the  double-coil  transformer.  At  first 
the  auto-transformer  was  universally  used,  but  latelv  the 
double-coil  transformer  has  been  generally  adopted.  The 
auto-transformer  has  all  of  the  coils,  both  primary  and  sec- 
ondary, connected  together.  The  high  voltage — assume  11.- 
000  volts — is  connected  to  the  high  tension  end.  and  the  other 
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end  of  the  transformer  is  connected  to  the  "ground."  Start- 
ing- in  at  the  trolley  end  with  a  voltage  of  11,000  volts,  if  it 
were  possible,  to  follow  down  along  the  coils  and  measure  the 
voltage,  the  voltage  would  become  lower  and  lower,  accord- 
ing to  the  distance  from  the  high-tension  end,  until  at  the 
ground  connection,  the  voltage  would  be  zero.     It  is  there- 


FiG.  85 — Complete  Transformer  Ready  for  Mounting  in  Locomotive. 

fore  possible  to  get  any  voltage  desired,  from  11,000  down  to 
0  volts,  by  bringing  out  a  lead  known  as  a  tap. 

The  Double-Coil  Transformer. — The  double-coil  trans- 
former, as  the  name  suggests,  has  two  sets  of  coils,  a  high 
tension  set  and  a  low-tension  set,  which  do  not  connect.  The 
ihigh-voltage  coils  are  connected  between  the  11,000  volts  and 
ground,  while  the  low-voltage  windings  are  entirely  separate 
and  the  current  is  generated  in  the  winding  by  induction. 

The  Compressor. — There  may  be  only  one  compressor  and 
one  blower,  but  it  is  cjuite  general  practice  to  use  two  of  each. 
The  compressor  consists  of  an  air  pump  of  two  or  more  cylin- 
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ders  driven  by  an  electric  motor.  Power  is  connected  to  the 
motor  by  a  switch  thrown  by  hand.  The  operation  of  the 
pump  is  controlled  automatically  by  the  governor.  This  gov- 
ernor cuts  "in"  and  "out,"  depending  upon  the  air  pressure 
in  the  main  reservoir,  and  "makes"  or  "breaks"  the  circuit  to 
the  motor.  The  air  compressor  is  explained  in  detail  in 
Chapter  XVI. 

The  operation  of  the  motor-compressor  differs  from  the  air 
pump  used  on  a  steam  locomotive.  The  steam  air  pump  main- 
trains  practically  a  constant  pressure  and,  upon  the  slightest 
reduction  of  pressure  in  the  air  reservoir,  automatically  oper- 
ates to  maintain  this  pressure.  In  the  case  of  the  compressor, 
the  pressure  is  not  maintained  at  a  constant  value,  but  varies 
between  a  maximum  and  a  minimum — usually  a  variation  of 
10  lb.  For  instance,  the  governor  is  set  at  a  10-lb.  range, 
and,  on  locomotives  with  the  feed  valve  set  for  110-lb.  train 
line  pressure,  the  governor  would  be  set  to  "cut-in"  at  120  lb. 
and  to  "cut-out"  at  130  lb.  With  this  arrangement  the  com- 
pressor is  not  pumping  continuously,  but  about  50  per  cent, 
of  the  time. 

The  Blower. — The  blower  has  been  mentioned  as  one  of  the 
auxiliary  parts;  most  electric  locomotives  are  equipped  with 
motor-driven  blowers.  They  are  used  for  furnishing  air  to 
the  main  motors,  transformers  and  any  other  apparatus  which 
it  is  desired  to  cool,  and,  as  the  capacity  of  the  motors  and 
other  electrical  apparatus  is  determined  by  the  temperatvires  of 
the  apparatus  when  operating  under  load,  the  blower  plays  an 
important  part  in  the  service  obtained  from  them.  The  pass- 
ing of  air  through  the  electrical  equipment  carries  away  the 
heat  and  allows  greater  work  to  be  done,  which  means  more 
electric  current.  With  the  installation  and  use  of  blowers  the 
capacity  of  an  electric  locomotive  for  a  given  weight  and  cost 
can — within  certain  limits — be  increased  by  an  amount  pro- 
portionate to  the  cubic  feet  of  air  blown  through  the  appara- 
tus ;  it  is  easily  possible,  by  ventilation,  to  increase  the  capacity 
over  50  per  cent.  The  air  is  conducted  from  the  blower  to  the 
various  pieces  of  apparatus  through  ducts  built  into  the  floor- 
ing and  framework  of  the  locomotive.  Two  blowers  are  used 
on  many  locomotives  so  as  to  keep  the  size  of  the  blower  out- 
fit within  reasonable  limits,  and  also  to  give  a  better  distribu- 
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tion  of  air ;  when  more  than  one  blower  is  used,  both  blow 
into  the  same  duct  system.  Usually  the  power  is  connected 
to,  and  cut  off  from,  the  blower  motors  by  means  of  small 
hand-operated  enclosed  switches,  known  as  canopy  switches 
the  same  as  used  in  connection  with  the  compressor.  To  ob- 
tain blower  operation,  it  is  necessary  to  have  these  switches 
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Fig.  86 — Single  Resistance  Grid  of  Cast  Iron. 

closed,  even  though  the  power  is  "on"  the  locomotive.  In 
addition  to  the  canopy  switches,  an  enclosed  fuse  is  inserted 
in  the  circuit  so  that  power  will  be  cut  off  from  these  aux- 
iliaries in  case  of  trouble,  as  generally  the  canopy  switches 
are  not  automatic  and  therefore  will  not  open  even  though 
the  motor  may  become  grounded. 

Main  Resistance — Grids — For  Direct  Current. — The  resist- 
ance is  to  the  direct-current  locomotive  what  the  transformer 
is  to  the  alternating-current  locomotive  ;  it  regulates  the  volt- 
age to  the  motors  during  acceleration.  The  main  resistance 
is  composed  of  cast  iron  resistor  grids — Fig.  86 — assempled 
in  frames.  The  higher  capacity  grids  are  12  in.  between  sup- 
porting rods,  while  the  lower  capacity  grids  are  only  8  in. 
These  grids  are  of  different  sized  sections  of  iron  and  thus 
vary  in  resistance  and  current-carrying  capacity.  The  grids 
are  assembled  on  steel  tie  rods,  insulated  with  mica  and  sup- 
ported at  each  end  by  steel  frames.  The  frames  are  provided 
with  lugs  and  can  be  bolted  securely  to  the  locomotive  cab. 
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The  grids  may  be  connected  so  thcat  they  are  all  in  series,  or 
in  series-parallel  combinations.  Mica  washers  are  used  be- 
tween adjacent  grids  wherever  insulation  is  necessary.  In 
locomotive    work    where    heavy    currents    flow    through    the 
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Fig.  87 — Resistance  Grids  Assembled  in  a  Frame. 


grids,  the  bosses  of  the  grids  touching  each  other  on  the  two 
upper  tie  rods  should  be  welded  together  so  as  to  make  a  good 
connection,  thus  preventing  a  slow  deterioration  of  the  con- 
tacts which  results  from  the  carrying  of  excessively  heavy 
currents. 

Taps  are  taken  off  at  the  desired  points  by  means  of  ter- 
minals which  are  inserted  between  two  grids.  An  assembly 
of  grids  in  a  frame  is  shown  by  Fig.  87. 

The  Water  Rheostat. — It  can  be  readily  vmderstood  that 
in  the  case  of  large  powerful  electric  locomotives,  especially 
those  designed  for  freight  service,  the  resistances  required 
would  necessitate  apparatus  that  would  be  rather  large  and 
heavy  and  occupy  much  space.  Locomotives  in  heavy  moun- 
tain freight  service  may  be  required  to  stand  still,  with  cur- 
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rent  on,  for  a  period  as  long  as  two  minutes,  endeavoring  to 
start  the  train.  Operation  of  this  kind  places  a  severe  stress 
on  the  resistances  and  these  conditions,  together  with  the 
limitations  of  the  grid  type  of  resistance,  have  been  respon- 
sible for  the  development  of  the  w^ater  rheostat  for  use  on 
electric  locomotives.  The  principle  involved  in  their  design  is 
not  new.  Water  rheostats  are  m  common  use  in  connection 
with  test  apparatus.  In  this  type  of  rheostat  the  electricity 
is  passed  between  metal  plates  submerged  in  water  in  which 
sodium  sulphate  has  been  dissolved.  Pure  water  is  prac- 
tically a  non-conductor  of  electricity,  but  when  an  impurity 
is  added  large  quantities  of  electricity  can  be  passed  through 
the  solution.  The  amount  of  current  which  will  flow  depends 
on  the  size  of  the  plates  or  the  area  immersed  in  the  solution, 
and  on  the  distance  between  these  plates;  the  resistance  can 
be  gradually  cut  out  by  increasing  the  area  of  the  plate  im- 
mersed and  also  by  bringing  the  plates  nearer  together.  Thus 
the  change  from  total  resistance  to  zero  resistance  can  be 
made  gradually,  there  being  no  definite  "steps"  as  in  a  group 
of  grid  resistors.  Where  electrical  energy  is  lost  in  resist- 
ance, heat  is  developed ;  this  is  true  of  the  liquid  rheostat  so 
provision  must  be  made  for  circulation  and  cooling  of  the 
liquid  to  prevent  rapid  boiling  away  of  the  solution.  Such  a 
type  of  rheostat  is  used  on  the  powerful  electric  locomotives 
operating  over  the  Elkhorn  Grade  of  the  Norfolk  &  Western. 
The  Control  Circuit. — The  circuit  arrangements  of  the  first 
electric  locomotives  were  similar  to  those  used  on  trolley 
cars  in  that  the  main  leads  from  the  motors  were  run  to  a 
controller  in  the  engineer's  cab.  The  circuits  were  made  and 
broken  in  this  controller  as  well  as  the  motor  combinations, 
so  that  the  main  currents  w^ere  handled  by  fingers  sliding  over 
drum  contacts.  This  arrangement  in  connection  with  trolley 
cars  is  entirely  satisfactory,  but  far  from  satisfactory  for 
locomotive  operation.  In  fact,  with  the  growth  of  the  loco- 
motive to  larger  and  larger  sizes  some  other  method  was 
necessary.  The  enormous  currents  now  used  by  electric  loco- 
motives require  a  large  amount  of  apparatus  to  connect  the 
main  leads  with  the  motors  and  to  provide  a  means  for  con- 
necting the  "motors  in  the  proper  combinations  for  operation 
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forward  and  backward  at  different  speeds.  The  mechanism 
necessary  to  meet  these  conditions  is  designated  as  control 
apparatus,  and,  as  it  must  be  under  the  control  of  the  engineer, 
located  at  the  head  end,  some  form  of  remote  control  arrange- 
ment must  be  provided. 

There  are  two  distinct  systems  whiclv  have  been  used  for 
this  purpose : 

(a)  The  electro-pneumatic  system. 

(b)  The  electro-magnetic  system. 

The  electro-pneumatic  system  is  in  use  in  all  of  the  loco- 
motives on  the  New  Haven,  the  Pennsylvania,  the  Norfolk 
&  Western  and  many  others. 

In  the  operation  of  this  system,  air,  which  is  available  on 
the  locomotive,  is  used  as  the  power  for  closing  contacts  or 
switches  which,  in  turn,  connect  the  power  to  the  motors. 
The  switches  are  controlled  by  means  of  control  circuits ;  the 
power  for  the  control  circuits  is  taken  from  an  independent 
source,  a  storage  battery  having  a  voltage  of  from  20  to  32 
volts,  being  furnished  for  this  purpose. 

A  detailed  description  of  this  system  is  given  in  the  next 
chapter  but  as  these  storage  batteries  must  be  kept  properly 
charged,  before  describing  the  control  apparatus,  the  two 
different  types  of  battery  circuits  or  arrangements  which  are 
used  with  the  electro-pneumatic  system  will  be  described 
and  the  manner  in  which  the  recharging  is  accomplished  will 
be  outlined. 

Charging  the  Control-Battery — D.  C.  Locomotive. — In  the 
direct-current  locomotive,  the  charging  is  easily  taken  care  of 
by  connecting  the  battery  on  the  ground  side  across  a  resist- 
ance in  the  circuit  of  the  motor-driven  compressor.  A  dia- 
gram of  connections  for  battery  charging  with  direct  current 
operation  is  shown  by  Fig.  88.  There  are  two  batteries,  each 
of  which  is  connected  to  a  double-pole,  double-throw,  knife 
switch.  These  switches  are  cross  connected  so  that  either 
battery  can  be  charged  or  connected  to  the  control  circuits. 
The  negative  side  of  the  compressor  is  connected  to  the  coil 
of  the  relay  R,  known  as  the  battery  charging  relay,  and  then 
to  the  battery  charging  resistance.  When  the  governor  closes 
and  the  compressor  operates,  the  current  passes  through  the 
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relay  coil  to  point,  A,  on  the  resistance,  and  thence  through  the 
resistance  to  ground. 

The  current  energizes  the  relay,  causing  the  plunger  to  pull 
up  the  connecting  points  b  and  c.  With  the  switches  open,  as 
shown  in  Fig.  88,  there  is,  across  the  terminals,  -j-  and  — ,  a 
voltage  equal  to  the  voltage  between  point,  A,  and  ground.  A 
current  flowing  through  a  resistance  gives  a  voltage  drop,  and 
this  voltage  drop  will  depend  on  the  position  of  A;  the  volt- 
age will  be  increased  as  A  is  moved  further  away  from  the 
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Fig.  88 — Diagram   of   Connections   Used   for   Charging   Bat- 
teries Used  on  Direct-Current  Locomotives. 


ground  end.    Thus  a  voltage  can  be  obtained  which  is  suitable 
for  the  type  of  battery  used. 

As  previously  mentioned,  two  batteries  are  used,  each  con- 
nected to  a  double-throw  switch  at  the  hinge  terminals.  The 
other  terminals  are  marked  B-|-  and  B — ,  and  connect  to  the 
control  wires  running  to  the  master  controller.  With  both 
switches  in  the  "up"  position.  No.  1  battery  would  be  furnish- 
ing to  the  B-|-  and  B — ,  powder  for  operation  of  the  control, 
while  No.  2  battery  would  be  connected  across  the  battery 
charging  resistance  whenever  the  compressor  operates.  With 
the  switches  in  the  "down"  position  No.  1  battery  would  be 
connected  across  the  resistance,  receiving  the  charging  cur- 
rent, while  the  No.  2  battery  would  be  supplying  the  power  for 
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the  operation  of  the  control.  With  two  batteries,  it  is  possible 
to  charge  one  battery  while  using  the  other,  and,  by  throwing 
the  switches  "up"  and  "down"  on  alternate  days,  the  batteries 
can  be  kept  in  first-clais  condition. 

Charging  the  Control  Battery — A.  C.  Locomotive. — The 
arrangement  of  batteries  shown  in  Fig.  88,  is  not  possible  with 
locomotives  using  alternating  current  as  the  passage  of  al- 
ternating current  through  the  batteries  would  not  charge 
them.  Therefore  another  arrangement — see  Fig.  89 — is  nec- 
essary and  a  small  motor-generator  set  is  used.  It  consists 
of  a  motor  direct-connected  to  a  generator ;  the  motor  is  of 
the  alternating-current  type,  and  is  connected  to  one  of  the 
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Fig.  89 — ^The  Connections  Generally  Used  for  Charging  the  Control 
Battery  on  an  Alternating-Current  Locomotive. 

transformer  taps  of  suitable  voltage ;  the  generator  is  of 
the  direct-current  type,  wound  to  give  a  voltage  suitable  for 
charging  the  battery.  While  some  alternating-current  loco- 
motives are  provided  with  two  batteries  interconnected  so 
that  they  can  be  used  on  alternate  days,  it  is  only  necessary 
to  have  one  battery. 

In  the  arrangement  shown  in  Fig  89  a  tap  is  taken  from  the 
transformer  at  approximately  110  volts,  and  is  connected 
through  a  line  relay  to  ground.  The  tap  is  also  connected  to 
one  side  of  a  double-pole  single-throw  switch.  When  this 
switch  is  closed  the  110-volt  current  is  connected  to  the  motor 
of  the  motor-generator  set,  which  will  operate  whenever 
power  is  "on"  the  transformer.  The  other  side  of  the  switch 
is  connected  in  the  generator  circuit.  The  current  from  the 
generator  will  pass  through  the  switch  to  the  battery,  through 
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the  battery  to  the  line  relay  contacts,  through  these  contacts 
and  back  to  the  generator.  The  object  of  this  line  relay  is  to 
prevent  the  battery  teeding  back  into  the*  generator  and 
running  the  generator  as  a  motor  when  the  power  is  cut  off 
from  the  transformer  and  the  switch  left  closed.  The  leads 
to  the  master  controller  are  tapped  on  as  shown. 

When  operating,  the  generator  furnishes  power  to  the  bat- 
tery, and  to  the  control,  in  multiple.  In  other  words,  the 
battery  is  "floating"  on  the  line.  It  is  being  charged  when- 
ever the  power  taken  by  the  control  circuits  is  less  than  that 
delivered  by  the  generator :  The  generator  supplies  the 
power  to  circuits  whenever  the  motor-generator  set  is 
running,  and  the  battery  is  only  for  emergency  purposes  to 
take  care  of  extraordinary  demands  or  to  supply  current  to 
the  control  when  the  set  is  not  running. 


CHAPTER  XXI 

THE  CONTROL  APPARATUS 

In  the  preceding  chapters  the  electric  current  has  been 
traced  from  the  third-rail  shoes  to  the  main  switch  in  the 
case  of  the  direct-current  locomotive,  and  from  the  overhead 
trolley,  through  the  pantagraph,  the  high-tension  circuit- 
breaker  and  the  transformer,  in  the  case  of  the  alternating- 
current  locomotive.  In  order  to  connect  the  electric  current 
to  the  motors  and  to  provide  a  means  for  connecting  the 
motors  in  the  proper  combinations  for  operation  forward 
and  backward  at  different  speeds,  methods  of  control  have 
l)een  developed  which  require  the  use  of  apparatus'  desigUrtted 
as  control  apparatus,  or  control  system. 

Control  Systems. — As  previously  stated  two  distinct  sys- 
tems of  control  have  been  used — the  electro-pneumatic  sys- 
tem andjthe  electro-magnetic  system;  the  electro-pneumatic 
system  has  become  the  universal  system.  As  the  name  im- 
plies, air  pressure,  which  is  available  on  the  locomotive,  is 
used  to  close  the  switches.  The  air  pressure  to,  and  the  ex- 
hausts from  the  various  switch  cylinders  is  regulated  by  small 
magnetic  valves  which  are  remotely  controlled.  These  cir- 
cuits are  called  the  "control  circuits,"  and  power  to  them  is 
usually  supplied  from  a  storage  battery  having  a  capacity  of 
from  20  to  32  volts.  The  general  arrangement  is  as  follows : 
The  battery  power  is  connected  to  the  master  controller, 
which  corresponds  to  the  engineer's  throttle  on  the  steam 
locomotive  and  wHich  is  shown  by  Fig.  90.  This  master  con- 
troller is  located  adjacent  to  the  air  brake  valve  and  provides 
the  means  for  connecting  the  battery  current  to  a  system  of 
control  wires  which  run  from  the  master  controller  to  the 
unit  switches.  The  energizing  of  one  of  the  control  wires 
operates  a  small  air  valve,  allowing  the. air  pressure  to  enter 
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a  cylinder,  moving  the  piston,  and  thereby  closing  the  switch. 
The  power  from  the  main  circuit  is  connected  to  the  switch, 
which,  upon  closing,  throws  the  power  on  the  motors. 

The  electro-magnetic  system  does  not  make  use  of  air  pres- 
sure for  closing  the  switches,  but  depends  on  the  electric 
power.  The  power  for  closing  the  contacts  or  switches  is  ob- 
tained from  the  magnetic  pull  of  a  solenoid  through  which  is 
flowing  an  electric  current  of  small  value.  The  arrangement 
of  the  control  circuits  in  this  system  is  somewhat  the  same 
as  in  the  electro-pneumatic  system,  except  that  high  voltage 
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Electro  Pneumatic   System. 


of  600  volts  is  used  instead  of  low  voltage  from  a  battery. 
There  are  systems  using  higher  voltages  than  600  on  the  third 
rail  or  overhead  wire — 1,200',  2,400  and  3,000  volts — but  in  each 
case  provision  is  made  to  reduce  this  voltage  to  approximately 
600  volts  for  the  control  circuits.  A  tap  is  made  to  tlie  main 
supply — if  of  600  volts — and  connected  to  the  master  con- 
troller. The  master  controller  is  composed  of  fingers  and  a 
drum,  and  as  the  drum  is  rotated  the  power  is  connected  to 
the  wires  leading  to  the  solenoids  in  the  switches.  The  mas- 
ter controller  is  slightly  different  from  the  one  used  with  the 
electro-pneumatic  system,  as  it  handles  a  larger  current  per 
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finger  and  a  higher  voltage.  The  creepage  distances  must  be 
greater  and  the  fingers  larger.  The  flow  of  current  through 
the  solenoid,  creates  a  magnetic  field  and  the  pull  of  this  field 
is  applied  to  operate  and  close  the  switch  by  means  of  a 
plunger  connected  to  the  movable  jaw  of  the  switch  and  ex- 
tending into  the  core  of  the  solenoid. 

Electro-Pneumatic  System. — In  the  design  of  the  electro- 
pneumatic  control  which  is  in  extensive  use,  the  switches  are 
grouped  together  in  numbers  varying  anywhere  from  6  to  12, 


Fig.  91 — A  Switch  Group,  Front  View. 


or  even  more — called  a  switch  group.  An  arrangement  of  this 
kind  is  very  convenient  as  each  switch  is  a  unit  and  is  inter- 
changeable with  any  other  switch.  Moreover,  by  grouping 
the  switches,  many  connections  between  switches  can  be 
made  by  permanent  copper  straps  and  only  the  leads  leave  the 
group  for  connection  to  other  groups  or  to  the  motors.  Such 
a  group  of  switches  is  shown  in  Figs.  91  and  92.  The  strap 
connections  from  one  stud  to  the  other  are  clearly  shown  in 
the  proper  sequence.  One  of  these  unit  switches  is  illustrated 
in  the  sectional  view  Fig.  93,  and  in  Figs.  94  and  95. 

The  air  is  piped  into  the  end  of  the  group  at  70-pounds 
pressure  and  fills  the  pipe  reservoir  running  the  whole  length 
of  the  group.    Each  of  the  cylinders  and  magnetic  valves  r^- 
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ceives  air  from  this  reservoir  through  the  air  connection  bush- 
ing-, 40.  Gaskets  39,  are  used  to  prevent  leakage  of  air.  The 
70  pounds  of  air  pressure  is  therefore  always  available  around 
the  head  of  the  lower  valve,  16,  which  is  held  on  its  seat  by  the 
spring,  17.  When  the  engineer  operates  the  master  controller, 
thereby  connecting  the  battery  voltage  to  a  control  wire,  the 
battery  current  flows  through  the  wire  to  the  terminal,  14, 


Fig.  92 — A  Switch  Group — Rear  View,  Showing  Studs 
and    Strap    Connections. 


through  the  magnet  coil  and  out  of  the  other  terminal — not 
shown — back  to  the  battery.  The  battery  current  flowing 
through  this  coil  magnetizes  the  core,  so  that  armature,  7, 
is  drawn  down.  As  shown  in  the  cross  section,  armature,  7, 
rests  on  top  of  the  upper  valve  stem,  15,  so  that  when  the 
armature  is  drawn  down,  the  upper  valve  stem  pushes  the 
lower  valve,  16,  away  from  its  seat.  The  air  pressure  of  70 
pounds  can  then  pass  up  through  the  opening  into  the  passage- 
way leading  into  the  cylinder,  and,  entering  the  cylinder  com- 
presses the  heavy  spring  and  pushes  up  the  piston  rod,  forcing 
the  switch  contacts  together  and  establishing  the  main  circuit 
connection. 

The  switch  will  stay  in  contact  as  long  as  the  magnet  is 
energized  and  there  is  sufficient  air  pressure  to  compress  the 
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spring.  When  the  battery  voltage  is  disconnected  from  the 
control  wire  the  coil  is  no  longer  energized,  there  is  no  pull 
on  the  armature  and  the  lower  or  inlet  valve  closes  on  its  seat 
due  to  pressure  of  the  small  spring,  17.  Air  pressure  is  thus 
cut  off  from  the  passageway  leading  to  the  cylinder.  The  lower 
end  of  the  upper  valve  steam,  15,  forms  a  valve  and  when 
pushed  down  by  the  armature  closes  the  opening  from  the  air 


Fig.  93 — Assembly  of  a  Unit  Switch. 


passageway  to  the  exhaust  port.  This  is  the  exhaust  valve  seat, 
so  that  when  the  coil  is  energized  and  air  pressure  is  ad- 
mitted to  the  cylinder,  it  is  retained  in  the  cylinder,  and  when 
the  battery  voltage  is  disconnected  from  the  coil  and  the  valve 
stem  returns  to  its  normal  position  the  air  in  the  cylinder  can 
pass  out  to  the  atmosphere  through  the  exhaust  port.  The 
air  is  expelled  by  means  of  the  heavy  spring  in  the  cylinder 
and  the  main  contacts  are  opened  rapidly. 

The  packing,  19,  used  in  the  cylinder  to  prevent  "blowing- 
by"  of  the  air  pressure,  consists  of  triple  leathers,  each  leather 
lieing  specially  treated  and  specially  formed  to  cup  shape. 
The  packing  is  backed  up  by  a  steel  follower  46,  also  cup 
shaped,  and  an  expander,  47,  is  used  on  top  of  the  packing  so 
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Fig.  94 — Cross-Section   of    Unit    Switch — Electro-Pneumatic   System. 
NAMES  OF   PARTS  OF   FIG.   94. 


1  Insulating    washers. 

2  Arc    chute. 

3  Blowout  coil. 

4  Arc   chute    side. 

5  Bolt   holding    switch   contacts. 

6  Wing  nut  holding  arc  chute  in  place. 

7  Armature   of  magnet   valve. 

8  Bolt    for   angle   iron   supporting   valve 

magnet   casting. 

9  Tube   of    insulation. 

10  Magnet    valve   cap. 

11  Magnet   valve   iron   cover. 

12  Magnet   valve   core. 

13  Magnet    bracket    support. 

14  Terminal  of  magnet  coil. 

15  Upper    valve    stem. 

16  Lower   valve   stem. 

17  Valve   spring. 

18  Plug. 

19  Piston   packing-triple  leathers. 

20  Tapped   head    terminal   bolts    support- 

ing   blowout    coil. 

21  Stud   bolt. 

22  Terminal   bolts   supporting    switch. 
23__  Screws   holding   switch    parts   to   box. 
2f  Screws  holding  cover. 


25  Bolts   holding   shunt. 

26  Copper    braided    shunt. 

27  Pin   which  engages   in  hook. 

28  Hook. 

29  Interlock  block. 

30  Screw   holding  block. 

31  Interlock   finger. 

32  Interlock  finger  base   support. 

33  Interlock    finger   base. 

34  Bolts   holding  interlock   fingers. 

35  Screws. 

36  Piston   rod  guide. 

37  Cylinder   spring. 

38  Piston. 

39  Gaskets     for     brass     air     connection 

bushing. 

40  Brass  air  connection  bushing. 

41  Supporting        bolt        magnet        valve 

bracket. 

42  Gasket   for   air   cylinder. 

43  Bolts  holding  cylinder  in  position. 

44  Nut    holding    piston    details    in    posi- 

tion. 

45  Cotter  pin. 

46  Piston    follower. 

47  E.xpander. 

48  Valve  bushing. 
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as  to  keep  the  leathers  in  the  correct  shape  and  against  the 
cyHnder  wall. 

The  cables  leading  from  the  motors  and  resistance  connect 
to  the  stnd  bolts,  21.  These  studs  pass  through  the  top  frame- 
work of  the  switch  group,  being  insulated  therefrom  by 
means  of  washers  and  a  tube  made  of  insulating  material. 
The  studs  screw  into  the  copper  castings  one  of  which  is 
stationary  and  to  which  is  bolted  a  copper  contact,  while  the 
other  is  composed  of  a  movable  arm,  to  which  is  bolted  the 
operating  Pin- 


Upper  Valve 

-  ~^MM\    ^^    stem 


Exhaust  Port- 
Bushing  ■ 
Spring 


Fig.  95 — Cross-Section  of  a  Magnet  Valve. 


other  contact.  The  main  current  enters  and  leaves  the  top  of 
the  group  while  the  main  circuits  are  entirely  independent  of 
the  control  circuits.  The  end  of  the  piston  rod  carries  an  insu- 
lator, in  order  to  insulate  the  power  voltage  from  the  control 
apparatus.  The  hook,  28,  on  the  upper  end  of  the  piston  rod 
engages  with  the  movable  arm  thus  closes  and  opens  the  main 
contacts.  The  bolts  5,  used  for  bolting  the  contact  tips  in 
place,  also  hold  in  position  strips  of  copper  called  arcing  horns 
which  project  beyond  the  contact  points.  As  the  name  sug- 
gests they  are  used  to  take  care  of  the  arc  which  forms  when 
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the  contacts  open,  breaking  the  main  circuit  current.  The  arc 
which  is  formed  across  the  tips  of  the  contact  is  carried  out 
along  arcing  horns,  becoming  of  greater  and  greater  length, 
and  when  it  reaches  the  end  of  these  horns  it  is  blown  out 


Fig.  96— a  Blow-Out   Coil. 


Fig. 


97— A  3000- Volt  Large  Capacity 
Electro-Pneumatic  Switch. 


and  the  circuit  is  interrupted.  To  aid  in  the  rapid  disrupting 
of  the  arc  blow-out  coils  are  used.  As  shown  in  Fig.  91  and 
92,  there  are  spaces  between  each  of  the  switches.  This  space 
is  occupied  by  a  blowout  coil,  details  of  which  are  shown  in 
Fig.  96.  The  blow-out  coil  consists  of  a  few  turns  of  copper 
strap  and  the  connection  to  it  is  made  by  the  studs  as  shown. 
The  arrangement  of  main  circuits  is  such  that  the  current 
flows  through  these  blow-out  coils  before  it  passes  through  the 
switches.  With  this  arrangement  the  contacts  open  and  an 
arc  is  formed,  with  the  current  still  passing  through  the  blow- 
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out  coils.  A  magnetic  field  exists  across  and  at  right-angles  to 
the  arc  between  the  contacts,  so  that  according  to  the  laws  of 
magnetism  and  electricity  the  arc  moves  in  the  magnetic 
field,  and  is  blown  out  magnetically,  almost  instantaneously. 

Considerable  heat  is  formed  with  repeated  opening  of  a 
pair  of  contacts  and  the  arc  is  confined  in  an  arc  chute  having 
the  removable  sides  shown  in  Fig.  93  and  by  4  in  Fig.  94. 
To  carry  the  current  from  the  movable  contact  and  around 
the  point  of  support,  to  eliminate  heating,  a  copper  braided 
shunt,  26,  is  provided,  which  bolts  directly  to  the  copper  cast- 
ing and  the  contact  block.  The  construction  of  the  movable 
arm  is  such  that,  as  the  contacts  are  pressed  together,  there 
is  a  wiping  action  to  insure  good  contact. 

A  3000-volt  large  capacity  electro-pneumatic  switch  as  used 
on  the  Chicago,  Milwaukee  and  St.  Paul  locomotives  is  shown 
in  Fig.  97.  The  construction  and  assembly  of  this  switch  is 
somewhat  different.  Each  switch  is  a  complete  unit.  The 
blow-out  coil  is  self-contained  with  the  upper  contact  and  is 
not  separate  from  the  switch.  In  order  to  get  sui^cient  in- 
sulation and  prevent  creepage  the  parts  must  be  spaced  much 
farther  apart  than  for  low  voltage  operation. 

Electro-Mag^netic  System. — The  construction  of  the  electro- 
magnetic switch  is  as  follows:  Inside  of  a  soleniod  projects 
the  core  or  plunger,  the  lower  end  of  the  plunger  being  con- 
nected to  a  switch  arm.  The  control  current  flowing  through 
the  turns  of  wire  of  the  solenoid  creates  a  magnetic  field 
which  pulls  the  plunger  further  into  the  solenoid,  raises  the 
switch  arm  and  brings  the  contacts  together,  completing  the 
circuit  for  the  main  power. 

A  spring  is  located  between  the  switch  arm  and  contact 
piece,  the  latter  being  movable  in  relation  to  the  arm.  When 
the  plunger  is  drawn  into  the  solenoid  the  contacts  are 
brought  together  and.  as  more  pull  is  exerted,  the  spring  is 
compressed,  giving  a  rocking  motion  to  the  lower  contactor. 
This  scheme  is  similar  to  that  embodied  in  the  electro-pneu- 
matic switch  and  is  very  essential  for  successful  operation  of 
the  electro-magnetic  system.  This  movable  lower  contractor 
remains  in  contact  even  after  the  plunger  has  dropped  out  a 
little  way,  but  the  point  of  contact  has  shifted  from  the  heel 
of  the   contactor  to  the   front   half.     When  the   contactors 
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separate,  the  arc  which  exists  until  blown  out  is  at  the  front 
part  of  the  contactors  and  thus  the  burning  of  the  copper 
does  not  take  place  on  the  part  of  the  contactors  which  are 


100  200  300  40O  SOO 

Pounds  Pressure  on  Con/acf. 

Fig.  98 — Curves  Showing  Relation  Between  Current-Carrying 
Capacity  and   Pressure  on   Contacts. 

together  when  the  switch  is  fully  closed  and  through  which 
the  main  motor  current  passes.  Acting  horns  are  provided  to 
carry  the  arc  to  the  front  of  the  box  and  a  blow-out  circuit  is 
provided  to  blow  out  the  arc  electrically.  Shunts  are  used  to 
carry  the  current  around  the  various  hinge  pins. 

Advantages  of  the  Electro-Pneumatic. — The  electro-pneu- 
matic system  of  control  has  been  universally  adopted  and  it 
is  now  considered  the  standard.  The  electro-magnetic  sys- 
tem has  been  used  considerably  Init  it  has  certain  disadvan- 
tages not  encountered  in  the  electro-pneumatic  system.    The 
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electro-pneumatic  system  has  the  advantage  that  the  switches 
are  operated  by  air  and  a  constant  pressure  is  thus  obtained 
between  the  contacts  carrying  current,  independent  of  what 
the  voltage  on  the  third-rail  may  be. 

With  air,  any  desirable  pressure  can  be  obtained  at  the  con- 


FiG.  99 — A  12-Point  Train  Line  Receptacle. 

tacts;  the  air  pressure  supply  can  be  varied,  or  the  size  of  the 
switch  cylinder  can  be  varied.  It  has  been  found  that  the 
amount  of  current  that  can  be  carried  by  a  pair  of  contacts, 
for  a  given  temperature  rise,  depends  on  the  pressure  between 
the  contacts.  The  greater  the  prssure  the  more  current  can 
be  carried  for  a  given  temperature  rise,  and  therefore  the  tem- 
perature rise  will  be  less  with  a  given  continuous  current. 

An  idea  of  what  the  pressure  between  a  pair  of  contacts 
1  in.  wide  means,  is  shown  by  Fig.  98;  these  curves  show  how 
the  capacity  of  the  contacts  can  be  increased.  For  example, 
at  90-lb.  pressure  on  the  contacts,  with  300  amperes  flowing, 
there  is  a  temperature  rise  of  60  degrees  C,  but  if  the  pressure 
is  increased  to  365  lb.  the  contacts  will  carry  6C0  amperes 
continuously    for    the    same    temperature    rise.      Again    with 


198 


RAILROAD    ELECTRIFICATION 


365-lb.  pressure  the  temperature  rise  is  60  degrees  C.  but  if  the 
pressure  is  reduced  to  255  lb.  the  rise  will  be  80  degrees  C. 

In  the  case  of  the  magnetic  switch,  it  is  closed  by  a  solenoid, 
so  that  if  the  voltage  to  this  solenoid  reaches  too  low  a  value, 
the  pull  of  the  solenoid  will  be  decreased,  and  the  pressure 
will  be  less.  On  heavy  traction  systems  that  is  not  much  of 
a  factor,  as  the  third-rail  voltage  is  usually  nearly  constant 


Fig.  100 — Cross-Section  of  Receptacle. 

and  does  not  drop  appreciably  with  heavy  loads.  On  smaller 
systems,  where  the  feeder  supply  is  not  on  the  same  basis, 
the  voltage  may  be  reduced  considerably.  The  low  voltage 
occurs  at  the  time  that  maximum  current  is  flowing  through 
the  contacts,  so  that  there  is  liability  of  the  contacts  becoming 
"frozen"  or  welded  together. 

Another  advantage  of  the  electro-pneumatic  system  is  that 
the  control  circuit  is  of  low  voltage.  A  storage  battery, 
usually  of  32  volts,  supplies  the  power  for  operation  of  the 
electro-pneumatic  switches.  All  of  the  control  circuits  are 
at  this  voltage  and  all  forms  of  interlocking  can  be  readily 
used.  With  the  electro-magnetic  system  the  600-volt  supply 
is  generally  used  for  the  operation  of  the  solenoids  and  the 
control  circuits.  All  of  these  circuits  are  amply  protected  by 
fuses,  but  the  low-voltage  control  circuit  is  more  desirable. 

Locomotive  Control  Connections. — The  engineer,  sitting  at 
the  front  part  of  the  electric  locomotive  has  complete  control 
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of  the  switches  and  auxiliary  apparatus  and  hence  the  control 
of  the  locomotive  through  the  master  controller. 

For  example,  on  an  electric  locomotive  equipped  to  operate 
on  both  alternating  and  direct  current,  with  pantagraph  for 
collection  from  the  overhead  trolley  wire  and  with  shoes  for 
collection  from  the  third-rail,  the  raising  and  lowering  of  each 
of  these  types  of  current  collectors  is  under  control  of  the 
engineer.  Air  pressure  is  used  to  operate  the  third-rail  shoes 
or  the  pantagraphs.  and  this  air  pressure  to  the  operating 
cylinders  is  controlled  by  magnetic  valves,  which  in  turn  are 


Fig.  101— a  12-Point  Jumper. 


controlled  by  push  buttons  located  on  or  adjacent  to  the  mas- 
ter controller.  The  battery  current  passes  through  the  con- 
tacts of  the  push  button,  when  closed,  and  energizes  a  valve 
similar  to  the  valve  described  for  the  unit  switch. 

A  means  is  also  provided  so  that  the  circuit  breaker  can  be 
reset  automatically,  when  it  has  opened  due  to  overload 
caused  either  by  too  rapid  notching  up  of  the  controller,  or 
to  a  failure  in  some  part  of  the  main  circuits.  The  battery 
current  is  connected  to  a  small  trip-coil  which  unlocks  the 
overload  trip,  returning  it  to  its  normal  position  so  that  the 
battery  current  can  again  energize  the  magnet  valves  used  to 
close  the  circuit  breaker  switches.  When  resetting  the  circuit 
breaker  the  master  controller  must  be  thrown  to  the  "oflf" 
position  so  that  the  breaker  can  not  be  reset  with  the  switches 
closed  and  in  an  operating  position.     This   condition  could 
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exist  with  the  locomotive  at  a  standstill  unless  such  a  means 
of  interlocking  was  used. 

With  the  large  number  of  control  circuits  required  for  the 
operation  of  an  electric  locomotive,  the  wiring  at  first  seems 
complicated  but  after  the  principle  is  understood,  it  is  com- 
paratively simple.  These  control  wires  are  led  to  the  various 
pieces  of  apparatus  from  the  master  controller.  For  each 
installation,  junction  boxes  are  provided  where   connections 
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Fig.  102 — Cross-Section  of  Jumper  Head. 


are  made  to  these  wires  from  the  master  controller  and  which 
are  known  as  train  line  wires. 

This  feature  of  control  afifords  another  of  the  advantages  of 
electric  locomotive  operation — the  possibility  of  operating 
locomotives  as  double  headers,  under  the  control  of  one  man 
at  the  front  end.  To  accomplish  this,  the  control  wires  must 
pass  from  the  head  locomotive  to  the  rear  locomotive,  so  that 
when  a  particular  wire  is  energized  it  not  only  brings  in  a 
certain  switch  in  the  leading  locomotive  but  the  same  switch 
is  brought  in,  in  the  rear  locomotive.  The  train  line  wires 
are  carried  to  the  rear  locomotive  by  train  line  receptacles, 
Figs.  99  and  100,  and  jumpers,  Figs.  101  and  102.  The  jumpers 
plug  into  the  receptacles  and  carry  the  control  wires  across 
the  space  between  the  two  coupled  locomotives. 


CHAPTER  XXII 
CONSTRUCTION  OF  THE  MODERN  RAILWAY  MOTOR 

In  previous  chapters — Chapters  VI,  VII,  VHI — the  funda- 
mental electrical  principles  which  govern  the  operation  of  the 
various  types  of  electric  motors  suitable  for  railway  service, 
have  been  discussed.  In  the  application  of  these  principles  to 
the  supplying  of  power  to  locomotive  driving  wheels,  the 
mechanical  features  of  the  design  of  such  essential  parts  as 
the  frame,  the  housings,  the  poles  and  field  coils,  the  armature 


Fig.  103 — A  Large  Railway  Motor  Completely  Assembled  and 
Ready   for   Mounting  on  Truck. 

and    the    brush-holders,    deserve    attention.    -Each    of    these 
parts  will  be  considered  separately  and  as  a  whole. 

The  Frame. — The  frame  is  a  steel  casting  upon  which  the 
electrical  and  meqhanical  parts  are  assembled  and  varies  in 
shape  and  size,  depending  upon  the  type  of  drive,  i.  e.,  the 
mechanical  connection  to  the  drivers,  and  the  horsepower 
rating  of  the  motor.  Lugs  or  feet  are  provided  for  fastening 
the  frame  to  the  locomotive  and  bearings  in  which  the  axle, 
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or  a  quill  surrounding  the  axle,  rotates,  are  generally  necessary 
to  keep  the  proper  alignment  of  the  motor.  The  design  of 
the  frame  does  not  change  the  electrical  characteristics ;  the 
magnetic  field  strengtii  and  the  number  of  armature  con- 
ductors, etc.,  determine  the  speed  and  torque  of  the  motor. 

In  general  the  design  of  the  motor  is  the  same  for  all  ar- 
rangements and  sizes  so  that  a  description  of  the  construction 
of  a  200-h.p..  rnotor,  of  the  type  which  is  used  on  subway 
equipment  is  typical  of  all  railroad  work  and  will  explain  fully 


Fig.  104 — Motor  Frame  with  Housings  and  Armature   Removed, 
the  problems  to  be  met.    Such  a  motor  is  shown  in  Figs.  103 
and  104. 

In  Fig.  104  the  ends  or  housings,  which  carry  the  armature 
bearings  and  support  the  armature  centrally  with  the  bore, 
have  been  removed  by  removing  the  bolts  at  D.  The  as- 
sembly and  relative  position  of  the  fields  and  pole  pieces  are 
thus  clearly  shown.  The  main  field  coils,  F,  which  surround 
the  laminated  pole  pieces,  P,  furnish  the  magnetic  circuit  for 
the  operation  of  the  motor.  Between  these  main  fields  are 
located  the  interpole  coils,  I,  surrounding  small  pole  pieces  and 
furnishing  a  magnetic  flux  to  improve  the  commutation  and 
prevent  flashing  under  heavy  load  and  high  speed  conditions. 
The  brush  holders,  K,  are  shown  equally  spaced  around  the 
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frame  and  so  located  that  when  the  armature  is  assembled 
in  the  frame  the  carbon  brushes,  carried  in  the  holders,  will 
bear  on  the  commutator. 

In  the  construction  of  the  motor  the  center  line  of  the 
armature  must  bear  a  definite  relation  to  the  bearings  at  the 
axle.  After  locating  the  centers  in  respect  to  the  axle  bear- 
ing, the  frames  are  bored  out  to  the  correct  inside  diameter. 
This  bore  does  not  cut  material  from  the  whole  inside  surface 
of  the  casting  but  only  from  the  poles  which  project  a  few 


Fig.   105 — A  Main  Field  Coil  with  Pole  Piece. 

inches  above  the  rest  of  the  casting.  The  bore  for  the 
housing  is  also  made,  holes  drilled  for  securing  to  the  frame 
and  the  part  faced.  Holes  are  drilled  to  jig  through  each 
pole  piece  to  the  outside  of  the  frame,  through  which  the 
studs  on  the  pole  pieces  pass,  with  nuts  and  lock  washers  to 
hold  them  tight. 

Pole  Pieces  and  Field  Coils. — The  motor  is  now  ready  to 
assemble.  The  main  field  coils,  Fig.  105,  and  interpole  coils, 
Fig.  106.  are  each  made  up  of  copper  strap  of  several  turns, 
each  turn  being  insulated  from  the  other  and  all  entirely 
covered  by  insulation,  are  slipped  over  the  pole  pieces  P  and 
the  pole  pieces  bolted  to  the  frame  by  stud  bolts  S.  A  piece  of 
spring  steel  T  is  placed  behind  the  coil  and  next  to  the  frame 
to  prevent  all  vibration  and  to  take  up  for  the  shrinkage  of 
the  field  coils.  Some  of  the  leads  from  the  coils  are  connected 
to   adjacent    coils    or   brush   holders    and   others    are    carried 
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through  holes  in  the  frame,  the  holes  being  fitted  with  bush- 
ings to  protect  the  leads.  The  main  pole  pieces  are  not  solid 
but  are  made  up  of  laminations  which  are  held  between  two 
end  plates  riveted  together  w^hen  the  laminations  are  under  a 
pressure  of  60  tons  or  more. 

The  Housings. — -The  housing  is  illustrated  by  Fig.  107  which 
shows  ail  exploded  view  of  the  bearing  and  the  method  of 
lubrication. 

The  lubrication  of  the  armature  and  the  axle  bearings  are 


Fig.  106 — An  hitcrpole  Coil  and  Core. 

important,  especially  the  former,  for  if  the  armature  bearing 
should  become  overheated  and  the  lining  of  babbit  should 
melt  it  would  allow  the  armature  to  drop  a  distance  sufficient 
to  bring  the  armature  onto  the  pole  pieces,  as  the  air  gap  be- 
tween the  armature  and  the  pole  faces  is  small. 

The  housing  is  provided  with  a  separate  oil  pocket  into 
which  the  oil  is  poured  from  time  to  time  as  needed.  This 
pocket  provides  a  means  of  gaging  the  amount  of  oil  in  the 
bearing,  which  should  be  kept  at  such  a  level  that  it  will  be 
carried  up  to  the  armature  shaft  through  the  packing  waste 
by  capillary  attraction.  Thus  the  oil  is  filtered  before  it 
reaches  the  axle  and  there  is  no  dirt  or  grit  which  reaches 
the  bearing.     After  the  oil  passes  through  the  bearing  and 
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comes  out  at  the  back  or  inside  end,  it  runs  into  openings  in 
the  housing,  which  drain  into  the  overflow  pocket  from  which 
it  can  be  removed  when  the  locomotive  is  in  for  inspection 


Fig.  107 — An   Illustration  of  the  Arrangement  of  a   Motor 
Housing,  Bearing,  and  Method  of  Lubrication. 


and  either  used  for  outside  oiling  or  cleaned  and  filtered  and 
used  again  on  the  motor. 

The  Armature. — The  armature  is  the  rotating  part  of  the 
motor ;  it  is  composed  of  the  spider,  the  core,  the  commutator, 
the  winding  and  the  shaft.  The  spider,  shown  by  Fig.  IC'8,  is 
made  up  of  the  main  casting,  M,  complete  with  rear  core  cast- 
ing, R.  and  fan,  F,  and  the  front  coil  support  casting.  O,  Fig. 
109.  The  casting,  M,  is  bored  out  to  very  accurate  dimensions 
so  that  the  armature  shaft,  S,  will  press  in  at  40  or  more  tons 
pressure.  The  outside  dimension  is  also  carefully  finished,  as 
the  core  is  built  upon  this  diameter,  and  a  very  close  fit  is  de- 
sired.    After  boring  and  turning  the  casting,  M,  to  proper 
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diameter,  two  keyways  are  cut  to  prevent  turning  of  the  core 
and  commutator,  respectively. 

The  core,  C,  is  now  built ;  it  consists  of  iron  puncliings,  a  few 
mils  t^iick,  assembled  on  the  casting,  M,  as  shown  in  Fig.  109. 
The  keyway  and  key  serve  also  to  line  up  these  punchings  or 
laminations  so  that  the  slots,  T,  will  be  properly  formed.  After 
the  proper  amount  of  laminations  are  put  in  the  spider,  they 


Fig.  108 — An  Armature  Spider. 
are  put  under  a  pressure  of  several  tons,  the  front  coil  sup- 
port, O,  put  into  place,  and  the  ring  nut  which  holds  all  in 
place  and  under  pressure,  is  screwed  on  the  threads,  H. 

In  present  railway  practice  ventilated  motors  are  used  so 
that  the  maximum  possible  work  can  be  gotten  out  of  the 
locomotive.  The  passage  of  electric  current  through  the 
windings  of  the  armature  results  in  heat ;  the  amount  of  heat 
dissipated,  depends  on  the  yentilation  of  the  motor,  so  that  the 
more  air  is  passed  through,  the  harder  the  motor  can  be 
worked.  A  great  many  of  the  locomotives  have  the  motors 
cooled  by  air  furnished  from  an  independent  blower.  In  order 
to  aid  the  passage  of  air  through  the  motor,  it  is  constructed 
with  a  fan  on  the  rear  end  and  ventilating  ducts  through  the 
core  and  commutator.  This  same  construction  is  used  with- 
out external  ventilation  and  a  large  increase  in  power  is  ob- 
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tained  due  to  the  larger  amount  of  air  which  can  be  drawn 
through  the  motor  thus  getting  rid  of  the  heat. 

A  double  fan  is  used  and  while  one  part  is  drawing  the  air 
through  the  ducts  in  the  commutator  and  punchings,  the 
other  part  of  the  fan  is  drawing  air  over  the  outside  surface 
of  the  armature  and  through  the  field  coils. 

The  Commutator. — The  next  step  in  the  construction  of  the 
armature  is  to  press  the  commutator,  K,  on  the  spider  at  dia- 
meter D,  Fig.  108.  The  commutator  is  one  of  the  most  im- 
portant parts  of  an  electric  motor  ;  it  serves  as  a  means  of 


Fig.  109 — An  Armature  Assembled  and  Ready  for  Winding. 


connection  between  the  winding  or  coils  on  the  armature  core 
and  the  source  of  power.  All  of  the  current  taken  by  the 
motor  flows  in  and  out  of  the  commutator  through  the 
brushes.  The  commutator  also  rotates  with  the  spider  and 
therefore  the  material  of  which  it  is  composed  must  be  a 
good  heat-conducting  metal  and  of  high  elastic  limit.  The 
best  material  for  this  use  is  hard  drawn  copper,  and  is  in- 
variably used. 

An  assembled  commutator  ready  to  press  on  the  armature 
spider  is  shown  in  Fig.  110.  A  sectional  drawing  of  the  com- 
mutator and  the  details  of  the  commutator  parts,  are  shown 
in  Figs.  Ill  and  112. 

The  commutator  is  made  up  of  a  certain  number  of  bars  R, 
the  number  depending  on  the  number  of  slots  T  in  the  core 


208 


RAILROAD    ELECTRIFICATION 


— Fig.  109 —  and  the  number  of  coils — Fig.  114 — placed  in 
these  slots.  Each  bar  is  practically  the  same  shape,  as  shown 
same  general  shape  as  the  bar.  The  correct  number  of  bars 
are  assembled,  and  are  then  held  together  by  a  large  iron  ring 
in  the  cross  sections.  Each  is  insulated  from  the  one  on 
either  side  by  a  mica  segment  E,  a  few  mils  thick  and  of  the 


Fig.  110 — An  Assembled  Commutator,  Ready  for  Mounting. 


which  can  be  decreased  in  size,  thus  forcing  the  bars  to- 
gether under  pressure.  After  assembling  the  commutator 
parts — as  explained  later — it  is  then  necessary  to  place  them 
in  an  oven  heated  to  a  temperature  of  approximately  140°  C, 
so  as  to  allow  the  mica  to  soften  and  conform  to  the  irregu- 
larities of  the  copper,  and  thus  prevent  movement  of  bars 
after  the  commutator  is  finished.  While  at  this  temperature 
the  commutator  is  placed  under  several  tons  pressure  and  the 
commutator  segments  securely  held  in  this  position. 

Reference  to  Figs.  Ill  and  112  will  show  how  the  commu- 
tator segments  are  clamped  and  held.  After  the  segments 
have  been  assembled  the  V-shaped  slots  are  trued  up  in  a 
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lathe,  with  the  angles  carefully  secured.  The  segments  are  as- 
sembled on  the  metal  bushing,  A,  with  a  mica  V-ring,  C,  used 
as  insulation.  A  mica  bushing  or  sleeve,  B,  is  slipped  on  around 
the  bushing,  A.  Another  mica  V-ring,  G,  with  a  metal  V-ring 
is  used  at  the  front  end  and  the  whole  is  clamped  and  held  to- 
gether either  by  bolts,  O,  Fig.   110,  which  pass  through  the 


Clean  and  pain  f 
frequently 


Keep  alldirfand 
,  moisture  ouf^ 


-Leave  mica  extending 
one-siKfeenttt  inch 


Fig.  Ill — SecLion  of  an  Assembled  Commutator. 


front  V-ring  and  screw  into  the  rear  one,  or  by  a  ring  nut,  I, 
Fig.  Ill,  which  tightens  up  on  bushing,  A.  The  front  mica 
V-ring  must  be  protected  where  it  projects  beyond  the  com- 


FiG.  112— Component  Parts  of  a  Commutator  for  a  Railway  Motor. 

mutator  bars ;  a  banding  of  tape  painted  with  insulating  var- 
nish is  used  for  this  purpose.  A  cross  section  of  the  complete 
armature  is  shown  in  Fig.  113. 

The  Armature  Winding. — After  the  commutator  has  been 
pressed  on  the  spider  and  the  armature  shaft  pressed  into 
place,  the  assembled  parts  are  hung  in  a  lathe  ready  for  the 
armature  winding. 

The  winding  consists  of  coils  of  copper  strap  which  have 
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been  previously  wound  on  a  form  so  that  the  size  and  shape 
will  be  such  that  the  coil  will  slip  into  the  slots  in  the  armature 
core  without  much  forcing,  thus  preventing  damage  being 
done  to  the  insulation.  An  armature  coil  is  shown  by  Fig. 
114.  This  coil  is  known  as  a  "two-turn"  strap-wound  coil 
and  each  turn  is  made  up  of  five  separate  copper  straps  or 
conductors  which  are  insulated  from  each  other  usually  by  a 
flexible  mica  tape,  the  whole  five  being  covered  by  tape,  and 

Front  Wiper   Commutaror    Front  Coil    Armature   Ventilating  Armature  Spider  Forming 
ling  Support.v      Core\        Duct.        Rear  Coil  Support.- 


Commutator     Commutaior    Armature   Armature    Ventilating 
Bushing.  Boll.         Ring  Nut      5lot.  Duct. 


Armature 
3pider 


Ventilating  Fan 
and  Coil  Support. 


Fig.   113 — Cross-Section  of   Complete  Armature  Shaft, .  Showing 
.'\ssembly  of   Parts. 

the  two  turns  afterwards  held  securely  together  by  more  tape. 
After  taping,  the  coil  is  placed  in  a  vacuum-oven  where  it  is 
heated  and  impregnated  with  an  insulating  varnish  or  com- 
pound which  penetrates  through  the  tape  and  fills  all  spaces, 
thus  preventing  moisture  from  entering  and  damaging  the 
coil,  and  serving  also  as  a  good  insulation.  This  compound 
or  varnish  hardens  after  the  coil  is  removed  from  the  oven. 

Armature  coils  for  small  sized  motors  are  also  wound  of 
insulated  copper  wire,  but  the  strap-wound  coils  have  many 
advantages.  About  ten  per  cent  more  copper  can  be  placed 
in  the  same  slot  than  can  be  used  with  wire-wound  coils, 
which  means  that  more  current  can  flow  through  the  coils, 
and  hence  more  horsepower  from  the  motor.  This  increase  of 
copper  is  due  to  the  fact  that  rectangular  shaped  wire  adjusts 
itself  to  the  rectangular  shape  of  the  slot  and  therefore  no 
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space  is  lost.  The  heat  generated  by,  the  flow  of  current 
through  the  copper  wire  can  thus  radiate  to  the  core  more 
easily  and  moreover,  less  compound  or  insulating  varnish  is 
required  to  fill  spaces.  This  compound  is  not  a  good  conduc- 
tor of  heat,  so  that  with  wire-wound  coils  where  a  consider- 
able volume  of  compound  would  exist  the  heat  would  no-t  be 


Fig.  ll'^l — A  Two-Turn  Strap-Wound  Armature  Coil. 

conducted  away  as  readily  and  the  temperature  of  the  motor 
windings  would  be  higher. 

The  strap-wound  coil  also  facilitates  the  winding  of  the 
armature  and  damage  to  the  coils  is  less  likely  to  occur,  as 
the  surfaces  in  contact  with  each  other  are  flat  surfaces  and 
the  pressure  is  distributed  over  a  greater  area  than  with  the 
wire  coils.  In  the  latter  the  wires  tend  to  cut  the  insulation 
as  there  is  only  line  contact.  In  winding  the  armature  it  is 
sometimes  necessary  to  pound  the  coil  into  place ;  in  such  an 
event  the  advantage  of  the  strap  coil  is  apparent. 

Before  placing  the  coils  in  the  slots  the  rear-end  bell  and 
the  front  core  castings  are  covered  with  tape  and  strips  of 
treated  cloth  in  order  to  protect  the  coils.  Reference  to  Fig. 
114  shows  that  the  coil  does  not  lie  in  two  adjacent  slots  but 
that  there  are  three  or  four  slots  between  the  two  sides. 

The  core  slots — see  1,  2,  6,  and  7  on  Fig.  109 —  are  deep 
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enough  to  take  two  coils.  Commencing  with  the  first  coil, 
which  may  be  designated  as  coil,  A,  one  side  is  placed  at  the 
bottom  of  slot  1,  and  the  other  side  perhaps  in  the  top  half  of 
slot  No.  6;  coil  B,  in  bottom  of  slot  2  and  top  of  7.  This  pro- 
ceedure  is  continued  around  the  entire  circumference  of  the 
armature  After  the  last  coil  is  put  in  place  and  the  arma- 
ture is  completely  wound  each  slot  contains  20  conductors. 


Fig.  115 — Armature  Complete,  Ready  for  Mounting  in  the 
Frame  of  the  Motor. 


Each  conductor  is  now  placed  in  the  saw  cuts  in  the  com- 
mutator bars  and  the  armature  is  ready  for  banding. 

Armature  Banding. — The  banding  of  an  armature  consists 
in  placing  steel  wires  around  the  core  and  over  the  coils  so 
that  they  will  not  fly  out  of  the  slots  due  to  the  centrifugal 
force  developed  by  the  rotation  of  the  armature.  Fig.  115 
shows  an  armature  complete  and  ready  to  be  placed  in  the 
motor  housing.  To  protect  the  coils,  and  to  keep  dust  from 
the  windings,  asbestos  cloth  hoods,  H,  are  placed  over  the  coils 
on  the  commutator  and  pinion  ends  ;  these  hoods  are  held  in 
place  outside  of  the  core  slots.  These  bands  are  put  on  under 
several  pounds  pressure.  Narrow  bands  known  as  "core 
bands"  are  placed  at  intervals  along  the  core. 

At  intervals  of  a  few  inches,  strips  of  tin  are  placed  under 
the  steel  wires  with  the  ends  bent  over  to  keep  the  wires  to- 
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gether.  To  maintain  the  tension  and  to  add  mechanical 
strength,  the  band  is  soldered  along  its  whole  length.  To 
give  proper  contact  for  the  passage  of  the  electric  current 
the  conductors  placed  in  the  saw  cuts  in  the  commutator  bars 
are  also  soldered. 

The  Brush  Holder. — One  of  the  most  important  parts  of  the 
railway  motor  is  the  brush  holder  shown  in  Fig.  116.  As  the 
name  implies  this  part  of  the  motor  carries  the  brushes,  T, 
which  are  in  contact  with  the  commutator  and  through  which 


Fig.  116 — Brush  Holder  for  a  Railway  Motor. 

the  current  flows  into  and  out  of  the  armature  coils.  The 
brushes  are  blocks  of  carbon  which  fit  the  holder.  A,  snugly 
but  not  tightly  as  one  of  the  requirements  of  motor  speci- 
fications is  that  these  brushes  must  be  constructed  so  that 
they  can  move  vertically  but  that  they  shall  not  be  loose  in 
the  holder. 

The  brush  plays  a  very  important  part  and  can  cause  much 
trouble  and  damage  to  the  motor ;  excessive  wear  of  the  com- 
mutator, sparking,  etc.,  may  be  caused  by  the  use  of  an  im- 
properly designed  or  improperly  adjusted  brush.  As  stated  the 
brushes  are  made  of  carbon  but  there  are  numerous  grades  ; 
hard  and  soft,  with  different  processes  of  manufacture  ;  and 
different  motors  operating  under  different  conditions  will  re- 
quire different  grades  of  brushes  in  order  to  obtain  the  best 
operation. 

These  brush  holders  must  be  exactly  located  so  as  to  bring 
the  brushes  to  exactly  the  neutral  points  where  no  sparking 
exists ;  to  insure  this,  the  clamps  holding  the  brush  holders 
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are  located  by  template.  At  the  same  time  these  holders  must 
be  insulated  from  the  clamps  and  this  is  done  as  follows  :  Re- 
ferring to  Fig.  116:  each  boss,  B,  is  drilled  out  and  a  piece  of 
steel  which  has  been  drilled  and  tapped  suitably  to  receive  the 
bolt,  S,  is  surrounded  by  insulation,  either  mica  or  micarta, 
and  pressed  into  the  boss.  The  corrugated  insulators,  C,  are 
used  to  increase  the  creepage  distance  from  the  holder,  which 
has  the  full  voltage,  to  the  bolts  which  is  "ground."  With 
this  method  of  clamping,  the  entire  holder  can  be  moved  up 
and  down  and  proper  clearance  obtained  between  the  com- 
mutator and  the  brush  holder. 

To  obtain  proper  contact  between  the  brushes  and  the  com- 
mutator it  is  necessary  to  maintain  a  pressure  on  the  brushes. 
This  is  accomplished  by  the  spiral  spring,  G,  which  transmits 
its  power  to  the  brush  through  the  hammer  J.  Different 
pressures  are  required  for  different  conditions  and  the  spring 
tension  can  be  adjusted  by  the  ratchet,  K,  and  pawl,  L.  To 
prevent  heating  of  the  spring,  and  thus  loss  of  tension,  a 
copper  braid,  called  a  shunt,  M,  is  provided,  which  conducts  or 
"shunts"  the  current  around  the  spring;  one  end  of  this  shunt 
is  riveted  to  the  hammer  and  the  other  to  the  main  holder. 
The  wire  which-carries  the  current  to  the  holder  is  held  in  the 
hole,  O,  by  the  screws,  P.  Two  of  these  brush  holders  are  used 
for  all  railway  motors  except  those  of  large  sizes,  in  which 
case  a  brush  holder  for  each  main  field-pole  is  used.  These 
holders  are  placed  where  they  are  easy  to  inspect  and  where 
the  brushes  can  be  replaced  easily. 


CHAPTER  XXIII 

MECHANICAL  DESIGN  OF  THE  ELECTRIC 
LOCOMOTIVE 

lii    /'    hi  il.   ji    iJ    ,i;   „      .  ij        ii    .     )/  ,1    (    ,1   ■)   /   //'   ;/'  1/ 

The  mechanical  design  of  the  electric  locomotive  differs 
materially  from  that  of  the  steam  locomotive  which  in  general 
is  fixed  in  relation  to  the  fact  that  a  boiler,  lirebox  and  cylin- 
ders must  be  carried  on  the  locomotive  frame.  Crossheads 
are.  necessary  and  side  rods  and  connecting  rods  must  be  used 
to  change  the  reciprocating  motion  to  rotation.  The  space 
between  the  drivers  is  limited  so  that  the  large  mass  must  be 
carried  mostly  above  the  drivers,  resulting  in  a  relatively  high 
center  of  gravity.  There  is  little,  if  any,  flexibility  to  this 
mass  so  the  driving  wheels  are  not  rigidly  secured  to  the 
frame  but  are  loosely  connected  to  it  by  means  of  journal 
boxes,  pedestals,  and  spring  rigging. 

There  are  many  advantages  in  steam  locomotive  design 
which  have  been  recognized  by  electrical  designers  and  in- 
corporated in  the  mechanical  design  of  electric  locomotives. 
On  the  first  consideration  it  would  appear  as  if  the  electric 
locomotive,  with  the^elimination  of  reciprocating  parts,  would 
have  riding  qualities  far  superior  to  those  of  the  steam  loco- 
motive. But  this  is  not  necessarily  true ;  the  electric  locomo- 
tive must  be  proportioned  correctly  otherwise-  the  riding 
qualities  will  not  be  of  the  best.  Many  factors  enter  into  the 
design ;  the  length  of  wheel  base ;  type  of  leading  and  trailing 
truck;  location  of  center  pins;  the  location  of  the  center  of 
gravity  of  the  mass  in  reference  to  the  center  pin  and  the 
height  of  the  center  of  gravity  above  the  rails.  High  speed 
steam  locomotives  operate  only  in  one  direction  whereas  the 
electric  locomotive  runs  in  either  direction  at  full  speed. 

Consideration  must  be  given  not  only  to  the  mechanical 
design  in  order  to  obtain  good  tracking  qualities,  weight 
equalization   and  distribution,   but   also   the    very   important 
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problems  of  the  mechanical  and  electrical  design  of  the  motors 
themselves  and  of  the  transmission  of  power  from  the 
motors  to  the  drivers.  Each  problem  is  dependent  on  the 
others ;  the  size,  weight  and  location  of  the  motors  in  respect 
to  the  drivers,  will  affect  the  tracking  c|ualities;  the  location  of 
the  motors  determines,  largely,  the  type  of  drive.  The  loca- 
tion of  the  center  of  gravity  is  an  important  consideration 
for  the  electrical  designer.  With  a  high  center  of  gravity, 
there  is  a  tendency  toward  rotation  and  the  transverse  force 
on  the  track  is  then  much  less  than  if  the  center  of  gravity  is 
low  and  a  considerable  mass  has  to  be  moved  transversely. 
Another  very  important  consideration  is  the  dead  or  non- 
spring  borne  weight  per  axle ;  it  consists  of  the  wheels,  axles 
and  journal  boxes;  with  certain  forms  of  drives  it  may  be  in- 
creased as  part  of  the  motor  weight  is  also  on  the  axle. 

When  the  locomotive  is  running,  any  irregularity  in  the 
track  transmits  a  blow  to  the  driver,  the  intensity  of  this 
blow  varying  directly  with  the  speed.  Disregarding  the  cen- 
ter of  gravity  for  a  moment,  the  dead  weight  plays  a  very  im- 
portant part.  This  is  the  weight  that  the  irregularities  on 
the  track  must  move  and  the  transverse  force  or  blow  will 
depend  upon  the  mass  to  be  moved.  Heavy  dead  weight 
should  be  eliminated. 

Electric  Locomotive  Transmissions. — The  electric  motor 
has  rotating  motion  as  do  the  driving  wheels  and  it  would 
therefore  appear  to  be  a  very  simple  matter  to  transmit  the 
power  from  the  motor  to  the  axles.  However,  the  system  of 
transmission  is  inseparable  from  the  weight  distribution  and 
equalization,  with  the  height  of  the  center  of  gravity,  and  the 
dead  weight,  that  the  subject  involves  more  than  the  mere 
coupling  of  the  motors  to  the  axles.  Some  idea  of  the  problem 
is  obtained  when  it  is  known  that  the  weight  of  the  electrical 
equipment  exceeds  the  weight  of  the  other  parts  of  the  loco- 
motive. Some  types  of  transmission  may  be  satisfactory  for 
a  certain  service  under  certain  conditions  and  still  be  entirely 
inadequate  for  a  different  service  or  different  conditions. 
These  various  factors  make  transmission  one  of  the  most  in- 
tricate problems  in  electric  locomotive  design. 

With  no  limiting  determining  factors,  as  a  boiler  or  fire- 
box,  to   affect   electric   locomotive    design,    there   have   been 
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developed  many  different  arrangements  of  drives  and 
mechanical  construction.  These  can  be  classified  under 
several  headings:  direct-geared  drive;  gearless  drive;  gear- 
and-quill  drive  ;  side  rod  drive  and  gear-and-side-rod  drive. 

Direct-Geared  Drive: — The  direct-geared  drive  shown  in 
Fig.  117  is  the  common  method  used  for  driving  electric  cars 
in  city  streets  and  on  interurban  lines.  The  motor  frame  has 
bearings,  A,  which  fit  directly  on  the  axle  and  the  other  side 
of  the  frame  is  fitted  with  a  nose,  B,  which  is  supported  on  the 
truck.  Gearing  is  used  to  connect  the  motor  power  to  the 
driving  axle,  a  gear,  G,  being  pressed  on  the  axle  and  a  pinion, 

P 


Fig.  117 — ^Arrangcment   of    Parts    for   Direct-Geared   Drive. 


P,  mounted  on  the  armature  shaft  which  meshes  with  the 
gear.  This  arrangement  has  been  used  quite  extensively  on 
electric  locomotives  of  the  single  type  and  those  of  medium 
size.  For  slow  speed  work  with  light  or  medium  sized  motors 
the  arrangement  has  the  advantage  of  low  maintenance  cost, 
but  for  heavy  duty  and  high  speed  work  the  arrangement  is 
not  the  best  as  in  addition  to  the  weight  of  the  wheels  and 
axle  there  is  a  large  and  excessive  dead  weight  consisting  of 
the  gear  and  approximately  five-eighths  of  the  motor  weight. 
Gearless  Drives^ — At  one  time  it  seemed  a  logical  pro- 
ceedure  to  eliminate  gearing.  The  direct-geared  drive  was 
not  satisfactory  for  high  speed  work  and  gearless  motor 
drives  were  designed.  Two  different  arrangements  have  been 
used.  The  drive  shown  in  Fig.  118  has  the  armature  pressed 
on  the  driving  axle  and  the  fields,  of  which  there  are  two,  are 
carried  on  the  truck  frame.  The  arrangement  is  used  on  the 
New  York  Central  locomotives  and  on  the  latest  Chicago, 
Milwaukee  &  St.  Paul  locomotive  built  by  the  General  Elec- 
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Fig.  118 — Gearless  Drive — Armature  on  the  Axle. 


Fig.  119 — Gearless  Drive — Armature  on  a  Quill. 
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trie  Company.  The  other  design,  as  shown  in  Fig.  119,  has 
the  armature  carried  on  a  quill  surrounding  the  axle  and 
drives  the  wheels  through  flexible  spring  connections.  This 
arrangement  is  used  on  the  original  New  Haven  passenger 
locomotives  built  by  the  Westinghouse  Company.  The  first 
arrangement   has   a   dead   weight   of   approximately   9,500  lb. 


Fig.  120 — View  Showing  Motor  Mounted  on  the  Truck  and 
the  Cradle  from  Which  the  Motor  is  Hung. 

per  axle,  while  with  the  other  gearless  drive  the  entire  motor 
weight,  including  the  quill,  is  suspended  from  a  cradle  sup- 
ported at  the  journal  boxes. 

The  use  of  a  quill  is  not  new.  The  armatures  used  on  early 
locomotives  built  for  use  on  the  Baltimore  &  Ohio  at  Balti- 
more were  fitted  with  quills  but  rubber  pads  were  used  to 
cushion  the  impact  between  the  armature  and  the  drivers. 

Gear-and-Quill  Drive. — While  in  many  ways  the  gearless 
drive  is  ideal,  the  dead  weight  is  not  a  minimum  and  more- 
over the  center  of  gravity  is  low.  Great  improvement  has 
been  made  in  gearing  so  that  today  it  is  a  reliable  part  of  the 
locomotive  equipment.  It  has  advantages,  as  will  be  explained 
later,  so  that  many  new  drives  have  been  designed. 

The  gear-and-quill  drive  can  be  divided  into  two  arrange- 
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ments.  The  first  consists  of  a  single  motor  per  driving-  axle; 
the  second  of  two  motors — called  twin  motors — mounted  in 
one  frame,  per  driving  axle.  The  first  arrangement  is  shown 
in  Fig.  122.  A  hollow  quill  surrounds  the  axle,  the  inside  bore 
being  sufficiently  large,  compared  with  the  axle  diameter,  to 
permit  a  considerable  movement  af  the  axle  so  that  it  can 
conform  to  the  track  irregularities  without  affecting  the  motor 
or  bringing  any  of   the   motor   weight  on   the  axle   as   dead 


Fig.  122 — Gear-and-Quill  Drive  Using  Single  Motor. 


weight.  The  motor  is  bolted  to  the  main  frame  of  the  loco- 
motive. On  the  motor  housing  are  two  bearings  which  sup- 
port the  quill  and  in  which  the  quill  rotates  as  the  drivers  re- 
volve ;  the  quill  is  thus  held  concentric  wuth  the  axle.  At  each 
end  of  the.  quill  near  the  wheel  is  mounted  a  gear  which 
meshes  with  a  pinion  fitted  to  each  end  of  the  armature 
shaft.  Two  gears  are  necessary  for  the  one  large  armature 
as  heavy  duty  is  performed  and  the  loads  carried  by  the  teeth 
must  not  exceed  the  safe  limit.  It  is  preferable  to  use 
flexible  gears  so  that  both  pinions  will  be  w^orking  and  divid- 
ing the  load.  The  flexible  gear  consists  of  a  center  which  is 
pressed  on  the  quill ;  around  this  center  is  the  gear  rim,  not 
fitted  rigidly  but  driving  the  center  through  the  springs  in- 
terposed to  cushion  the  forces.    A  similar  construction  used 
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in  connection  with  gears  and  side  rods  is  shown  in  Fig.  130. 
The  driving  from  the  quill  to  the  drivers  is  accomplished 
by  bolting  castings  to  the  gear  center ;  these  castings  pro- 
jecting between  the  spokes  of  the  wheels.  Coil  springs  are 
then  inserted  between  the  castings  and  as  shown  in  Fig.  123. 
The  torque  of  the  motor  is  transmitted  through  these  springs 
to  the  driver.     The  springs  do  not  interfere  with  the  vertical 


Fig.  123 — Assembly  of  Quill  Drive  with  Torque  Springs  in  Place. 


movement  of  the  wheel,  but  form  a  cushioned  drive.  With 
this  arrangement  of  motor  mounting,  the  center  of  gravity 
is  high ;  the  motor,  quill  and  gears  are  supported  from  the 
truck  frame  and  are  thus  spring  supported ;  and  the  dead 
weight  is  a  minimum,  consisting  only  of  the  wheels  and  axles. 
The  "twin  motor"  arrangement — Fig.  12^1 — is  practically 
the  same  as  that  of  the  single  motor.  One  difference  is  the 
use  of  only  one  gear  on  the  quill,  only  one  being  necessary 
as  the  same  total  armature  torque  is  divided  between  two 
twin  armatures,  each  one  of  which  delivers  one-half  of  the 
tractive  effort.  The  pinion  of  each  armature  meshes  with 
the  single  gear.     The  tooth  pressure  is  reduced  one-half  so 
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that  it  is  not  even  necessary  to  increase  the  width  of  the  face 
of  the  gear.  The  eHmination  of  one  gear  is  an  advantage  as 
more  space  is  available  for  the  motor  and  a  longer  armature 
can  be  used,  resulting  in  increased  power.  By  dividing  the 
power  of  one  armature  into  the  two  "twin"  armatures  and 
taking  advantage  of  the  extra  space,  two  small  armatures 
which  may  be   easily  handled,  take  the  place   of  one   large, 


Twin  Motor 
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Fig.  124 — Gear-and-Quill  Drive — Twin-Motor  Arrangement. 


heavy  armature ;  usually  the  complete  "twin  motor"  weighs 
less  than  the  single  motor. 

The  use  of  gearing  also  permits  a  considerable  saving  in 
cost.  Where  a  motor  is  geared  directly  to  the  driving  axles 
the  revolutions  must  be  the  same  as  the  drivers  and  this 
means  a  comparatively  low  armature  speed — slow  speed 
motors  mean  additional  weight  and  cost.  The  use  of  inter- 
mediate gearing  allows  higher  speed  and  smaller  motors  to 
be  used  for  the  same  horsepower  output. 

While  it  is  possible  to  obtain  a  higher  factor  of  adhesion 
between  the  rails  and  drivers  with  an  electric  locomotive 
than  with  a  steam  locomotive,  due  to  the  uniform  torque  of 
the  electric  motor,  wheels  do  slip  and  stresses  are  imposed 
upon  the  mechanical  transmission.  The  magnitude  of  these 
stresses  depends  on  the  stored  energy  of  the  motor  due  to 
rotation — the  rotary  moment  of  inertia.  In  the  two  drives 
just   described  the  "twin  motor"  arrangement  has  a  lesser 
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rotary  moment  of  inertia  than  the  single  motor;  the  stresses 
are,  therefore,  much  less  and  maintenance  also  costs  less. 
Side  Rod  Drive. — In  the  case  of  the  drives  already  men- 
tioned—  direct-geared,  gearless,  and  gear-and-quill  —  the 
capacity  of  the  motor  unit  per  driving  axle  is  limited,  due  to 
the  fact  that  it  must  occupy  the  space  between  the  wheels. 
If  the  motor  is  removed  from  this  space  and  mounted  above 


Fig.  125 — Twin-Motor,  Gear-and-Quill  Drive,  Showing  Gear 
and  Motors  in  Position. 


the  wheels  the  full  width  of  the  cab  is  available  and  it  is  then 
easily  possible  to  design  a  motor  having  a  capacity  several 
times  that  which  can  be  utilized  on  one  pair  of  drivers  and 
it  becomes  necessary  to  couple  several  pairs  to  the  one  motor. 
The  very  large  motor,  while  expensive  to  construct,  elimi- 
nates a  large  number  of  individual  drives  and  generally  the 
cost  of  the  locomotive  per  unit  horsepower  is  less. 

A  locomotive  of  such  a  design  used  in  the  P.  R.  R.  Terminal 
Electrification  at  New  York  City  is  shown  in  Fig.  126.  The 
large  motor  is  mounted  on  the  locomotive  frame  and  is  spring 
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supported.  Power  is  transmitted  to  the  drivers  by  connecting 
and  side  rods.  Each  end  of  the  armature  shaft  is  fitted  with 
quartered  cranks;  rods  connect  these  to  cranks  mounted  on  a 
jack  shaft  which  is  also  carried  on  the  frame  and  located  level 
with  the  driving  axles.  High  center  of  gravity  is  thus  ob- 
tained and  the  dead  weight  is  reduced  to  a  minimum. 


c'Mofor 
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Fig.  126 — Arrangement  of   Parts  When   Side-Rod   Drive  is  Used. 

By  using  side  rods  the  frame  and  wheel  arrangement  of 
steam  locomotive  design  can  be  practically  duplicated,  and 
the  electric  locomotive  of  this  type  has  the  advantage,  over 
the  corresponding  steam  locomotive,  of  there  being  no  re- 
ciprocating motion,  all  parts  of  the  drive  rotating  in  a  circle. 


,-Mofon 


Fig.  127 — Combined  Gear  and  Side  Rod  Drive. 


This  condition  tends  to  eliminate  dynamic  augment — in  the 
case  of  the  steam  locomotive  a  condition  due  to  the  impos- 
sibility of  securing  exact  counter-balancing  and  therefore  as 
the  locomotive  moves  along,  imposing  a  vertical  blow  or 
stress  on  the  track,  additional  to  the  weight  on  the  drivers. 
An  electric  locomotive  with  side  rods  has  a  certain  advan- 
tage over  one  with  independent  drive  for  each  axle,  in  that  it 
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is  not  affected  by  "weight  transfer"  which  occurs  when  the 
locomotive  is  puUing  a  load  and  is  greatest  when  the  drawbar 
pull  is  the  greatest  at  starting.  The  drawbar  is  located  a  few 
feet  above  the  rail  while  the  tractive  effort  is  at  the  rim  of 
the  drivers  at  the  rail  so  that  a  mechanical  couple  is  formed. 
The  pull  at  the  drawbar  causes  some  of  the  weight  on  the 
leading  drivers  to  be   transferred  to  the  rear  drivers — with 


Fig.  129— Gear  and  Side  Rod  Drive  as  Used  on  the  Norfolk  &  Western 

short  wheel  bases  this  transfer  may  be  as  much  as  10  per  cent 
or  even  more;  with  good  wheel  distribution  the  weight  trans- 
fer may  be  kept  as  low  as  5  or  6  per  cent. 

With  the  independent  axle  drive  the  drawbar  will  be  gov- 
erned by  the  weight  on  the  leading  axle  and  use  cannot  be 
made  of  the  weight  transferred  to  the  rear  axles.  As  more 
and  more  power  is  fed  into  the  motors  the  leading  pair  of 
wheels  will  slip  first  throwing  the  load  on  the  others  which 
in  turn  will  also  slip.  Slippery  tracks  also  may  cause  one 
pair  of  wheels  to  slip  with  the  same  results. 

The  side  rod  drive  eliminates  this  difficulty;  all  drivers  are 
coupled  together  and  the  weight  transferred  is  not  lost  for 
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drawbar  pull,  as  one  pair  of  drivers  cannot  slip  independently 
of  the  others. 

Gear  and  Side  Rod  Drive. — In  the  case  of  the  side  rod  drive, 
the  electrical  designer  has  ample  space  to  properly  proportion 
the  motor,  as  regards  armature  diameter  and  armature  length, 
to  give  maximum  efficiency,  but  still  cannot  obtain  the  ad- 
vantages gained  by  the  use  of  gearing,  when,  as  explained 
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Built    by    Siemens — Prussian — Hessisui    State    Railways — Germany 


Built  by  Oerlikon  Company — Swiss  Federal  Railways 

Fig.  132 — Examples  of  Side-Rod  Drives  Used  on  Foreign  Locomotives, 
in  a  previous  paragraph,  a  relatively  high  speed  motor  can 

be  used;  the  gear  and  side  rod  drive — Fig.  127 — combines  the 
advantages  of  both  types.  In  this  design  the  gear  is  located  be- 
tween and  outside  of  the  drivers  so  that  a  large  space  is  avail- 
able for  the  motor  itself.  The  gear  reduction  makes  it  pos- 
sible to  have  a  high  speed  motor  armature  for  a  comparatively 
low  speed  locomotive.  The  side  rods  eliminate  the  effect  of 
weight  transfer  and,  while  the  center  of  gravity  is  not  as  high 
as  in  some  other  drives,  the  dead  weight  per  axle  is  kept  at  a 
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minimum.     The   motor,  gearing  and  jack  shaft  are  all  sup- 
ported by  the  locomotive  frame. 

Wheel  Arrangements  and  Frame  Design. — The  foregoing 
has  referred  to  the  types  of  drives  without  mention  of  the 
wheel  arrangement  or  frame  design.  While  the  method  of 
drive  will  affect  wheel  arrangement  there  are  many  varia- 
tions obtainable  for  the  same  form  of  drive.  Without  going 
into  great  detail  there  are: 

1st — The   arrangement   where   all   weight   is   on   the 
drivers — sub-divided  into  two  classes  : 

(a)  Where  all  drivers  are  carried  in  a  single  rigid 
frame  integral  with  the  cab  and  thus  forming  a  rigid 
wheel  base. 

(b)  Where  the  drivers  are  contained  in  two  trucks. 
The  cab  may  be  an  integral  part  of  the  frame  with 
the  drawbar  pull  transmitted  through  the  center  pins 
on  the  truck ;  or  the  trucks  may  be  articulated  at  the 
inner  ends,  and  the  cab,  which  is  not  subjected  to 
any  of  the  drawbar  pull  nor  to  the  buffing  stresses, 
is  carried  on  top  of  the  trucks  in  the  usual  way.  In 
order  that  the  locomotive  may  pass  around  curves, 
the  center  pins  must  be  free  to  move  within  small 
limits.  With  this  latter  arrangement  the  truck 
centers  are  not  subjected  to  the  excessive  stresses 
which  would  otherwise  exist  in  heavy  service. 

2nd — The  arrangement  where  a  bogie  or  pony  truck 
is  used  to  guide  the  drivers.    These  idle  wheels  have 
been  applied  to  each  of  the  above  arrangements  and 
-  make  it  possible  for  the  locomotive  to  have  better 
riding  qualities  and  operate  at  higher  speeds  without 
undue  cost  for  track  maintenance. 
Drives  on  Foreign  Locomotives. — There  has  been  a  great 
deal  of  thought  and  study  given  to  the  electric  locomotive  by 
the  various  foreign  Governments  and  manufacturers.    Nearly 
every  locomotive  has  a  drive  embodying  the  use  of  the  side 
rod.     The  arrangements  in  several  cases — see  Fig.  132 — are 
extremely  interesting.     Some  valuable  data  in  tabular  form 
is  given  in  the  appendix  to  this  volume,  on  pages  323  to  'S27 . 


CHAPTER  XXIV 
INSPECTION  AND  MAINTENANCE 

The  inspection  and  maintenance  of  the  electric  locomotive 
is  radically  different  from  that  of  the  steam  locomotive,  with 
a  few  exceptions.  The  electric  locomotive  has  many  of  its 
mechanical  parts,  especially  the  running  gear,  patterned  after 
steam  locomotive  designs  so  that  the  inspection  and  main- 
tenance of  the  side  rods — -if  any — the  grease  cups,  the  driving 
boxes,  wedges,  guiding  or  trailing  trucks,  tires,  wheels,  draft 
rigging,  air  brake,  etc.,  is  the  same  as  for  the  steam  locomo- 
tive. The  boiler,  air  pump,  throttle  and  cylinders  of  the  steam 
locomotive  are  replaced  on  the  locomotive  by  the  electrical 
apparatus — the  motor  driven  air  compressor,  the  master  con- 
troller and  main  driving  motors ;  the  difference  lies  in  the  in- 
spection and  maintenance  of  the  electrical  parts. 

The  advantages  of  inspection  and  maintenance  place  the 
electric  locomotive  in  a  favorable  position;  the  steam 
locomotive,  after  comparatively  few  miles  run,  must  go 
to  the  round  house  to  have  the  fire  cleaned,  etc.,  and,  of 
course,  during  this  time  is  not  available  for  service.  The 
electric  locomotive,  on  the  other  hand,  not  being  a  self-con- 
tained power  unit  but  receiving  its  power  from  a  central 
power  source,  has  the  great  advantage  that  it  can  run  hour 
after  hour  and  be  available  for  service  at  all  times  day  after 
day  with  only  a  lay  over  for  shop  inspection  of  three  or  four 
hours  every  two  thousand  to  three  thousand  miles  run.  With 
the  present  designs  of  the  electrical  apparatus  the  inspection 
can  be  made  on  a  mileage  basis  and  it  is  not  even  necessary  to 
oil  the  motor  bearings  between  inspections.  Many  electric 
locomotives  are  making  more  than  10,000  miles  per  month 
and  some,  400  miles  per  day  for  28  consecutive  days. 

The  inspection  and  maintenance  can  be  divided  under  three 
headings,  viz :  light  inspection  by  the  shop  force  after  every 
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Ik-' 

3uOO  miles  run — requiring  only  a  few  hours ;  heavy  inspection 

and  overhauling  after  every  100,000  miles — requiring  several 
days ;  and  inspection  by  the  engineer  prior  to  taking  the  loco- 
motive out  on  a  run — requiring  only  a  few  minutes. 

Light  Inspection. — Light  inspection  consists  of  going  over 
all  the  electrical  parts  of  the  locomotive  to  see  that  they  are 
in  proper  adjustment,  the  terminals  tight,  parts  cleaned  of 
grit  and  dust  and  properly  lubricated.  Generally  this  work 
is  divided  among  several  men.  One  man  will  inspect  the  run- 
ning gear  and  draft  rigging  for  loose  or  broken  bolts,  etc., 
worn  brasses  and  sharp  flanges.  Another  man  will  inspect 
third-rail  shoes,  shoe  beams,  fuse  boxes  and  pantagraphs — if 
locomotive  is  equipped  with  this  device — oiling  or  greasing 
the  movable  parts  and  replacing  broken  or  weak  springs. 
The  third-rail  shoes  are  gauged  for  proper  height  in  respect 
to  the  top  of  the  running  rails, — everything  must  be  in  proper 
condition.  The  pantagraphs  should  be  absolutely  free  to 
move  and  must  not  bind  due  to  any  of  the  bearings  getting 
out  of  line.  The  upward  pressure  should  be  checked  with  a 
spring  balance  which  will  determine  w^hether  there  is  suffi- 
cient pressure  to  keep  the  pantagraph  shoe  in  contact  with 
the  wire  when  moving  at  high  speed ;  the  shoes  should  be 
changed  if  worn  badly. 

Inside  the  locomotive  other  men  are  checking  the  air  brakes 
for  proper  reservoir  and  train  line  pressures  and  for  free 
operation  of  the  valves,  etc. ;  auxiliary  apparatus — the  com- 
pressors and  blowers,  the  lights,  the  governors,  the  resistance, 
the  fuses  and  other  auxiliary  apparatus  which  may  be  in- 
stalled are  also  inspected. 

The  only  parts  now  left  for  the  inspection  are  the  control 
apparatus  and  the  main  motors  ;  inspection  of  these  parts  is 
important  and  only  experienced  men  should  do  this  work. 
There  are  a  large  number  of  control  circuits  connecting  the 
master  controllers  with  the  various  pieces  of  apparatus ; 
these  circuits  must  be  kept  intact.  The  master  controller 
covers  are  removed,  the  fingers  inspected  for  wear  and  for 
proper  contact  with  the  controller  drum ;  loose  terminals  are 
tightened  and  finally,  before  closing  up  the  covers,  the  drum 
is  wiped  with  a  thin  layer  of  oil  so  as  to  prevent  undue  wear 
or  "cutting"  of  the  fingers   which  would  result  if  the  drum 
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was  left  dry.  This  same  method  of  inspection  is  followed  on 
other  pieces  of  apparatus.  In  connection  with  the  switch 
groups  all  control  wiring  is  checked  at  the  magnet  valves  to 
detect  loose  connections.  The  main  contacts  are  examined, 
and  cleaned  if  necessary,  and  worn  contacts  and  burned  arcing 
horns  are  replaced  if  required. 

Cleanliness  is  important  and  cheese  cloth  should  be  used  to 
wipe  off  all  parts  to  keep  them  free  from  oil  and  dust.  Main 
contacts  may  be  located  on  revolving  drums  and  must  be 
lubricated  to  prevent  cutting ;  a  slight  film  of  oil  applied  to 
the  main  contractors  will  increase  their  life. 

It  is  important  that  all  main  connections  be  kept  tight, 
otherwise  the  large  amounts  of  current  handled  by  the  loco- 
motive will  overheat  them. 

The  inspection  of  the  motor  consists  in  a  careful  checking 
of  the  brushes,  maintaining  proper  pressure  on  them  and 
replacing  short  or  broken  ones,  keeping  the  band  at  the  com- 
mutator and  insulators  clean,  gauging  the  air  gap  for  clear- 
ance, inspecting  gears  and  pinions,  and  lubricating  motor 
bearings  by  filling  the  housing  oil  compartment  to  the  proper 
depth  of  oil. 

Heavy  Inspection. — Economy  of  operation  and  reliability  of 
service  demand  that,  periodically,  the  locomotive  should  be 
thoroughly  overhauled.  The  length  of  time  between  these 
overhauling  periods,  representing  mileage,  depends  a  great 
deal  on  the  service  required  of  the  locomotives  and  the  ser- 
vice performed,  and  whether  the  locomotive  is  working  at  all 
times  up  to  full  capacity. 

At  the  heavy  inspection  periods  the  apparatus  is  removed 
from  the  locomotive,  taken  apart  and  thoroughly  repaired 
before  replacing.  After  a  general  overhaul  a  locomotive  is, 
for  all  practical  purposes,  as  good  as  new. 

Engineer's  Inspection. — Every  engineer  about  to  start  on 
a  run,  should  know  for  his  own  satisfaction,  that  the  locomo- 
tive is  in  good  running  condition  and  there  is  a  certain  in- 
spection that  he  should  make  although  the  locomotive  may 
come  directly  from  the  light  or  heavy  inspection  shop. 

In  addition  to  the  looking  over  and  oiling  of  wedges,  side 
rods,  etc.,  he  should  note  that  the  air  compressor  is  pumping 
to  proper  pressure  as  regulated  by  the  governor;  that  the 
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storage  battery  used  by  the  control  circuits  is  sufficiently 
charged,  testing  it  by  means  of  a  test  light  available  for  this 
use;  that  the  auxiliary  apparatus  such  as  sanders,  lights,  and 
automatic  bell-ringer,  are  in  proper  condition;  that  the  panta- 
graphs  raise  and  lower  properly — also  the  third-rail  shoes, 
if  used  on  the  same  locomotive ;  that  the  blowers  which  sup- 
ply air  for  cooling  the  motors  and  transformers — if  used — 
operate  properly ;  that  the  main  switches  operate  in  the  cor- 
rect order  when  the  master  controller  is  notched  up. 

Each  type  of  locomotive  is  different  and  naturally  there  are 
special  instructions  as  regards  inspection  and  maintenance 
for  each  type.  In  general,  it  is  essential  that  every  one  whose 
duties  are  in  any  way  connected  with  the  operation  or  main- 
tenance of  electric  locomotives,  should  have  as  complete  a 
knowledge  as  possible  of  the  electrical  apparatus.  The  en- 
gineer should  familiarize  himself  with  the  name,  location  and 
purpose  of  each  item  of  apparatus  which  goes  to  make  up  the 
whole.  He  should  know,  also,  the  general  principles  upon 
which  the  apparatus  functions,  how  to  operate  it  and  what 
procedure  to  follow  in  case  of  failure. 


CHAPTER  XXV 
THE  SPEED-TIME  CURVE 

The  power  required  to  start  and  haul  a  train  is  expressed 
in  terms  of  tractive  effort  at  the  rims  of  the  driving  wheels. 
This  tractive  effort  is  used  in  overcoming  certain  factors, 
namely:  train  resistance,  acceleration,  grade  resistance,  and 
curve  resistance. 

For  train  resistance,  in  the  folli)\ving  problem,  use  the 
curves  shown  by  Fig.  30. 

Acceleration  is  the  rate  of  change  in  velocity.  A  value 
will  be  taken  of  100  lb.  tractive  effort  required  per  ton  to 
obtain  an  acceleration  rate  of  one  mile  per  hour  per  second. 
For  other  rates  of  acceleration  the  value  will  be  proportional. 

The    grade    resistance    is    the   tractive    effort    necessary   to 
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Fig.  133- — Profile  of  a  Railway,  Shown  Graphically. 

overcome  the  lifting  of  the  car  through  the  vertical  distance, 
and  for  a  1  per  cent  grade  is  1  per  cent  of  a  ton,  or  20  lb.  per 
ton.  This  resistance  is  directly  proportional  to  the  grade ;  for 
instance,  for  2  per  cent  grade  it  is  40  lb.  per  ton,  etc.     The 
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curve  resistance  at  best  is  roughly  approximate ;  a  value  of 
0.8  lb.  per  ton  is  generally  used. 

Problem. — The  problem  which  Avill  be  worked  out  is  based 
upon  the  following  assumptions : 

Profile. — The  profile  of  the  line  over  which  the  electrical  equip- 
ment is  to  operate  is  shown  by  Fig.  133. 

Length  of  Line. — 32.5  miles. 

Number  of  Station  Stops. — 16  intermediate. 

Running  Time. — 1  hour,  8  minutes. 
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Make-up  of  Train. — The  train  is  to  cotnsist  of  an  electric  loco- 
motive and  eight  cars,  each  car  weighing  60  tons  without  load. 
Average  passenger  load  is  to  be  taken  as  60  passengers  per  car. 

Length  of  stop.— Average  length  of  station  stops,  40  seconds. 

Locomotive. — The  weight  of  the  locomotive  is  120  tons.  It 
is  equipped  with  4  motors  for  operation  on  600  volts  direct 
current,  characteristic  curves  of  same  shown  by  Fig.  134. 
This  set  of  curves  is  for  one  motor  only,  but  has  been  drawn 
for  the  correct  gear  ratio  and  wheel  diameter  of  this  locomo- 
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tive.  The  control  in  the  locomotive  is  so  arranged  that  the  four 
motors  are  first  connected  in  series ;  then  in  series-parallel 
and  finally  in  full  parallel.  The  motor  combinations  are  shown 
by  Fig.  25. 

Typical  Run. — The  train  operating  over  this  line,  starting 
from  point  A,  Fig.  133,  and  making  all  station  stops,  will  ac- 
celerate and  stop  17  times.  There  are  therefore  17  cycles  of 
operation.  Very  close  results  can  be  obtained  for  the  whole 
run  by  getting  the  performance  for  the  average  of  these  17 
cycles.  In  electric  traction  terms,  this  average  is  called  the 
"Typical  Run"  and  is  determined  as  follows  :  The  average 
distance  for  the  typical  run  will  be : 

32.5  (miles)  >(  5,280  (ft.) 

^ — — ^ —  =  10,094  ft. 

17 

or  for  convenience,  10,100  ft. 

The  average  time  over  this  average  distance  will  be : 

60  X  68  (min.) 

■ =  240  seconds. 

17 

Equivalent  Grade. — A  glance  at  the  profile  shows  that  the 
two  terminals  of  the  line  are  at  nearly  the  same  elevation  so 
that  the  train  operating  from  A  to  B,  after  completing  its 
run,  has  practically  no  potential  energy  at  B,  over  what  it  had 
at  A.  However,  operating  over  a  rolling  profile  with  termin- 
als at  the  same  elevation  requires  more  energy  than  operat- 
ing over  a  level  line,  as  not  all  of  the  energy  expended  in 
lifting,  up  the  grades,  can  be  used  on  the  down  grades.  A 
regenerative  system  would  conserve  some  of  this  energ}^  but 
that  system  is  not  considered  in  this  case. 

To  determine  the  approximate  energy  consumption  for 
operating  the  train  over  a  rolling  profile,  we  must  assume  a 
certain  constant  resistance  in  addition  to  the  train  resistance. 
This  is  best  accomplished  by  assuming  that  the  train  is  operat- 
ing against  a  grade.  This  assumption  of  grade  is  known  as 
the  "equivalent  grade"  and  is  determined  by  the  formula — 
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100  X  s 

Equivalent  grade  =: 

(per  cent)  2  X  L 

where  S  =  the  sum  (in  feet)  of  the  rise  in  both  directions 
L  =  the  length  (in  feet)  of  the  round  trip. 
Referring  to  Fig.  133,  the  equivalent  grade  for  our  problem 
then  is : 

(a+b+c+d+e+f+g+h+i+j+k)  X  100_ 

2  X  65  X  5,280  ~" 

(200+120+140+320+160  +300+100+20+20  +20+60)  X 100 

686,400 

146,000 

= ==  0.213  per  cent. 

686,400 

The  Speed-Time  Curve. — Having  determined  the  typical 
run — a  distance  of  10,000  ft.,  the  train  to  consume  240  seconds 
over  this  distance,  including  the  stop  of  40  seconds,  and  operat- 
ing against  the  equivalent  grade  of  0.213  per  cent — plot  the 
speed-time  curve  of  the  train  over  this  typical  run. 

The  total  train  weight  is : 

8  cars  at  60  tons  each 480      tons 

Total  number  of  passengers  (60  X  8)  ^ 

480  at  140  lb.  each  = 33 .6  tons 

Weight  of  locomotive   120      tons 

Total    633 . 6  tons 

Acceleration  for  steam  passenger  trains  is  from  0.2  to  0.5 
miles  per  hour  per  second,  while  in  the  case  of  electric  loco- 
motives, acceleration  will  vary  from  0.3  to  1  m.p.h.p.s.  Let  us 
assume  an  acceleration  in  this  case  of  0.7  m.p.h.p.s. 

The  tractive  effort  required  for  acceleration  will  then  be 
0.7  X  100  X  633.6  =  44,352  lb. 

The  train  resistance  at  moment  of  starting  is  high  but  drops 
off  very  rapidly  at  a  speed  of  1  to  2  miles  per  hour  and  then 
increases  slightly  with  increased  speed.  It  is  possible  to  take 
into  account  this  varying  train  resistance,  but  for  all  prac- 
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tical  purposes  a  straight  line  acceleration,  from  zero  speed 
up  to  the  speed  at  which  the  motor  curve  is  reached,  is  satis- 
factory. 

The  speed  at  which  the  motor  curve  is  reached  and  which 
is  the  end  of  the  straight  line  acceleration,  is  found  by  trial 
Let  us  assume  that  this  straight  line  acceleration  will  stop 
at  25  m.p.h.  Referring  to  Fig.  30  of  the  train  resistance 
curves,  the  train  resistance  for  a  train  weight  of  633.6  tons 
running  at  25  m.p.h.  is  5,500  lb.  Since  the  equivalent  grade  is 
0.213  per  cent  this  additional  resistance  must  be  taken  into 
account.  To  operate  over  a  0.213  per  cent  grade  requires  0.213 
X  20  lb.  or  4.26  lb.  per  ton.  For  the  weight  of  train  under 
consideration  the  total  grade  resistance  is  633.6  X  4.26  = 
2,700  lb.  The  total  tractive  effort  then  to  overcome  the  train 
resistance  and  grade  resistance  and  to  accelerate  this  train  at 
0.7  m.h.p.s.,  assuming  that  straight  line  acceleration  stopped 
at  25  m.p.h.,  would  be  44,352  +  5,500  +  2.700  =  52,552  lb. 
This  is  the  total  tractive  effort  required  of  the  locomotive 
and,  since  it  is  equipped  with  four  motors,  a  tractive  effort 
of  13,140  lb.  per  motor  is  required.  Referring  to  the  motor 
curve,  Fig.  134,  we  find  that  the  speed  corresponding  to  the 
tractive  effort  of  13,140  lb.  is  32.5  m.p.h.  This  shows  at  once 
that  the  assumption  of  25  m.p.h.  was  too  low  and  that  it 
should  probably  be  a  little  lower  than  32.5  m.p.h.  As  a  second 
trial,  we  will  assume  that  the  straight  line  acceleration  stops 
at  32.m.p.h.  The  train  resistance  as  taken  from  Fig.  30  is 
then  6,220  lb.  The  total  tractive  effort  required  is  44,352  -f- 
6,220  +  2,700=53,272  lb.  or  13,320  lb.  per  motor.  The  speed 
corresponding  to  this  tractive  effort  is  32  m.p.h.,  which  is 
therefore  the  correct  figure. 

As  the  train  is  accelerated  from  rest  to  32  m.p.h.  at  the  rate 

32 

of  0.7  m.p.h.p.s.,  it  will  take or  45.71  seconds  to  reach  this 

^     ^  0.7 

speed.  One  point  on  the  speed-time  curve  is  established  and 
other  points  are  determined  by  obtaining  the  train  resistance, 
net  tractive  effort,  etc.,  at  higher  speeds. 

The  speed-time  curve — shown  in  Fig.  135 — follows  a  straight 
line  from  zero  to  32  m.p.h.,  then  bends  over  toward  the  hori- 
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zontal  as  the  acceleration  drops  off  and  the  train  approaches 
a  constant  speed — about  52  m.p.h.  in  this  case. 

Table  of  Data.— When  working  out  a  problem  of  this  kind, 
it  will  be  found  very  helpful  and  time  saving  to  tabulate  data 

TABLE  V— DATA  FOR  SPEED-TIME  CURVE 


1  2 

Miles  Total 
Per                                    Tractive 

Hour  Effort 

U 13,320 

32 13.320 

33 12,710 

35 10,400 

37 8,800 

39 7.800 

41 6,600 

43 6,000 

45 5,200 

47 4,600 

49 4,000 

51 3,400 

52 3,300 

53 3,020 

7  8 

Miles                            Time  Total 

Per                          Increment  Time 

Hour                          (Sec.)  (Sec.) 

0 

32 45.71 

33 1.48  47.19 

35 3.47  50.66 

37 4.46  55.12 

39 5.56  60.68 

41 6.95  67.63 

43 8.82  76.45 

45 11.13  87.58 

47 15.22  102.80 

49 22.35  125.15 

51 41.70  166.85 

52 43.50  210.35 

53 105.00  315.35 


Net 

Train 

Grade      Tractive 

Res. 

Res.          Effort 

Accel. 

1,555 

685 

11,090 

0.7 

1,555 

685 

11,090 

0.7 

1,625 

685 

10,410 

0.647 

1,690 

685 

8,125 

0.505 

1,765 

685 

6,315 

0.392 

1,840 

685 

5,275 

0.328 

1,925 

685 

3,990 

0.248 

2,000 

685 

3,315 

0.206 

2,075 

685 

2,440 

0.153 

2,140 

685 

1,775 

0.110 

2,210 

685 

1,105 

0.069 

2,275 

685 

440 

0.027 

2,300 

685 

315 

0.019 

2,335 

685 

0 

0 

9 

10 

11 

12 

Amp. 

K.W. 

Amperes 

Per 

Per 

Amp. 

Squared 

Loco. 

Loco. 

1,630 

2,650,666 

6,526 

3,916 

1,560 

2,440,000 

6,240 

3,740 

1,320 

1,740,000 

5,280 

3,170 

1,180 

1,390,000 

4,720 

2,830 

1,080 

1,170,000 

4,320 

2,590 

980 

960,000 

3,920 

2,360 

900 

810,000 

3,600 

2,160 

820 

672,000 

3,280 

1,970 

760 

578,000 

3,040 

1,850 

700 

490,000 

2,800 

1,680 

650 

423,000 

2,600 

1,560 

625 

391,000 

2,500 

1,500 

600 

360,000 

2,400 

1,440 

as  shown  in  Table  V,  before  plotting  the  speed-time  curve. 
The  data  in  this  table  correspond  to  one  motor  rather  than  to 
the  whole  locomotive,  with  the  exception  of  the  last  two  col- 
umns where  the  total  amperes  per  locomotive,  and  kilowatts 
are  tabulated. 

Column  I  shows  the  speed  values  chosen.     The  first  speed 
is  that  at  which  the  straight  line  acceleration  stops — 32  m.p.h. 
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— and  each  successive  speed  is  not  over  2  ni.p.h.  increase. 
The  best  results  are  obtained  by  choosing  speed  values  so 
that  the  points  on  the  speed-time  curve  will  be  close  enough 
together  to  give  a  smooth  curve. 

Column  2  shows  the  tractive  effort  per  motor  corresponding 
to  the  speed  in  Column  1 ;  these  values  are  obtained  from  the 
motor  curves.  |,    , 

Column  3  shows  the  train  resistance  per  motor  for  a  train 
of  633.6  tons  when  running  at  each  speed,  and  is  obtained 
from  the  train  resistance  curves  shown  in  Fig.  30. 

Column  4  shows  the  grade  resistance,  which  is  constant  for 
all  speeds.  The  equivalent  grade  for  the  typical  run  is  0.213 
per  cent  so  that  throughout  the  typical  run  the  train  must  be 
considered  as  operating  against  this  grade.  The  tractive 
effort  required  per  motor  is  685  lb. 

Column  5  shows  the  net  tractive  effort  available  for  ac- 
celeration and  is  obtained  by  subtracting  the  train  resistance 
plus  the  grade  resistance,  from  the  tractive  effort. 

Column  6  shows  the  rate  of  acceleration  in  miles  per  hour 
per  second.    The  values  are  obtained  as  follows : 

At  33  m.p.h.  the  net  tractive  effort  per  motor  is  10,410  lb. ; 
the  train  weight  per  motor  is : 

633.6 

=  160.9  tons. 

4 

We  know  that  a  tractive  effort  of  100  lb.  per  ton  will  pro- 
duce an  acceleration  of  1  m.p.h.p.s.  When  the  train  reaches 
33  m.p.h.  there  are  10,410  lb.  tractive  effort   for  each  160.9 

10,410  _ 
tons  of  train  to  produce  acceleration,  or, — ^  ^^  ^    =64.7  lb.  per 

160.9 

ton,  which  gives  a  rate  of  acceleration  of  0.647  m.p.h.p.s.  The 
same  applies  at  35  m.p.h.  so  that  Column  6  is  obtained  by 
dividing  the  net  tractive  effort  by  one  hundred  times  the 
number  of  tons  per  motor. 

Column  y. — As  already  stated  the  straight  line  acceleration 
will  stop  at  32  m.p.h.,  and  45.71  seconds  will  be  required  since 
the  rate  of  acceleration  is  0.7  m.p.h.p.s.  This  gives  the  first 
point  on  the  speed  time  curve,  and  before  additional  points 
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can  be  determined  it  must  be  known  how  many  seconds  elapse 
while  the  train  is  accelerating  from  32  to  33  m.p.h.,  etc.  The 
number  of  seconds  required  is  shown  in  this  column  and  is 
determined  as  follows :  At  32  m.p.h.  the  rate  of  acceleration 
is  0.7  m.p.h.p.s.,  and  at  33  m.p.h.  it  is  0.647  m.p.h.p.s.  Now  if 
the  average  rate  of  acceleration  between  these  two  speeds 
which  are  one  mile  apart,  is  known,  the  number  of  seconds  re- 
quired to  bring  the  train  from  a  speed  of  32  m.p.h.  to  33 
m.p.h.  would  be : 

1  (m.p.h.) 


average  rate  acceleration 


When  the  speed  increment  is  small,  as  it  is  in  this  case,  the 
average  rate  of  acceleration  can  be  taken  as  the  numerical 
average  of  the  instantaneous  accelerations.  Column  6,  so  that 
the  time  required  to  accelerate  from  32  to  33  m.p.h.  is : 


1    (m.p.h.) 
0.7  +  0.647 


1.48  seconds, 


and  from  33  to  35  m.p.h.  is : 

2  4 


3.47  seconds. 


0.647  -f  0.505       1.152 


A  glance  at  the  above  fractions  shows  that  the  time  incre- 
ment can  be  quickly  obtained  by  dividing  twice  the  speed  in- 
crement by  the  sum  of  the  accelerations.  In  this  particular 
problem  where  the  speed  increment  is  2,  the  values  are  ob- 
tained by  dividing  4  by  the  sum  of  the  accelerations. 

Column  8. — The  number  of  seconds  in  this  column  is  ob- 
tained by  adding  the  time  increment  to  the  preceding  num- 
ber of  seconds.  For  instance,  it  has  required  45.71  seconds 
for  the  train  to  reach  a  speed  of  28  m.p.h.;  1.48  seconds  to  go 
from  32  to  33  m.p.h.;  3.47  seconds  from  33  to  35  m.p.h.,  so 
that  the  total  time  elapsed  at  33  m.p.h.  is  45.71  -\-  1.48  =  47.19 
seconds,  and  at  35  m.p.h.  is  47.19  -f-  3.47  ^  50.66  seconds. 

CoUtnin  p  shows  the   current  per   motor   corresponding  to 
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the  speed  in  Column  1 ;  the  values  are  obtained  directly  from 
the  motor  curves. 

Column  10. — These  figures  are  the  current  values,  Column 
9  which  have  been  squared.  They  will  be  plotted  along  with 
the  other  data  and  from  them  it  will  be  possible  to  determine 
at  what  percentage  of  full  rating  the  motors  are  being 
worked. 

Column  II. — These  values  are  four  times  those  of  Column 
8  since  the  locomotive  is  equipped  with  four  motors,  all  con- 
nected in  parallel.  When  starting,  the  motors  will  be  con- 
nected all  four  in  series  so  that  the  current  per  locomotive 
will  be  only  1,630  amperes;  they  will  then  be  connected  in 
series-parallel — two  motors  in  parallel  and  two  sets  in  series 
— and  3,260  amperes  will  be  taken  by  the  locomotive.  The 
speeds  at  which  the  changes  in  motor  combinations  take  place 
will  be  discussed  later. 

Column  12. — In  determining  the  power  required,  we  have  as- 
sumed that  the  voltage  at  the  locomotive  is  constant  and  is 
600  volts.  The  kilowatts  are  the  product  of  amperes  by  volts 
divided  by  1,000,  and  will  also  be  M  or  ^^  of  3,910  when  the 
motors  are  connected  in  series  or  series-parallel.  This  will  be 
discussed  later. 

Plotting  Speed  and  Po^ver  Curves. — The  data  contained  in 
Table  V,  — are  now  ready  for  plotting.  Referring  to  Fig. 
135,  note  that  the  kilowatts  per  locomotive,  amperes  per  loco- 
motive, miles  per  hour  and  amperes  squared  (P)  scales  are 
all  laid  out  with  reference  to  seconds.  A  scale  of  inches  has 
also  been  laid  out  for  both  co-ordinates. 

Speed-Time  Curve. — The  first  curve  to  be  plotted  is  the 
speed-time  curve.  The  data  in  Column  1  and  Column  8  give 
the  curve  AD.  The  length  of  the  typical  run  is  10,100  ft.  and 
must  be  made  in  240  seconds  including  the  stop.  Starting  at 
240  seconds  on  the  zero  line,  draw  back  40  seconds  to  point  C, 
this  line  representing  the  length  of  the  stop.  The  actual  dis- 
tance must  be  covered  in  200  seconds  so  that  the  braking  line 
must  stop  at  the  point  C.  Assume  that  the  braking  rate  is  1.5 
m.p.h.p.s.,  i.e.,  the  speed  of  the  train  will  be  retarded  15  m.p.h. 
in  10  seconds.  Starting  at  point,  C,  the  braking  line  will  cut 
the  speed  curve,  AD,  at  point  B. — Fig.  135. 

The  area  enclosed  under  the  speed-time  curve,  ABC,  is  a 
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measure  of  the  distance  covered.  It  the  train  was  running-  at 
the  rate  of  10  m.p.h.,  the  distance  traversed  in  20  seconds 
'vould  be : 

10  (m.p.h.)    X  20  (sec) 

3^^^^^^^^^ =  1/18  mile  or  293.3  ft. 

Referring  to  the  speed-time  curve,  it  will  be  noted  that  the 
vertical  scale  is  10  m.p.h.  to  the  inch,  and  that  the  horizontal 
scale  is  20  seconds  to  the  inch.  One  square  inch  then  repre- 
sents the  distance  traveled  in  20  seconds  at  10  m.p.h.,  or  1/18 
of  a  mile,  or  293.3  ft.  The  typical  run  is  10,100  ft.  long  so  that 
the  area  in  square  inches  enclosed  under  the  curve  ABC,  must 
be  at  least 

lO.lCO 

■ — :=  34.43  sq.  in. 

293.3 

This  area  may  be  greater;  in  fact,  it  should  be,  in  order  that 
a  coasting  line  can  be  provided.  If  the  area  should  be  exactly 
34.43  sq.  in.  it  would  mean  that  the  locomotive  Avould  be  just 
capable  of  making  the  schedule  specified  in  the  problem,  but 


Fig.  136 — Planimeter  Used  for  Measuring  an  Area  Having 
Irregular  Shape. 

would  have  no  capacity  for  making  up  any  time  lost  on  ac- 
count of  delays.  With  everything  working  perfectly,  the 
locomotive  could  make  the  schedule  but  the  operation  would 
hardly  be  satisfactory  without  some  speed  margin. 

By  means  of  a  planimeter  the  area  under  ABC,  was 
found  to  be  35.1  sq.  in.  The  area  is  too  great  and  to  give  the 
correct  distance  must  be  reduced  to  34.43  sq.  in.  The  accele- 
ration is  fixed,  the  time  of  stop  and  time  consumed  for  the  run 
is  fixed,  so  that  there  is  only  one  variable  which  can  be 
changed ;  i.e.,  it  is  possible  to  cut  ofif  power  from  the  locomo- 
tive before  it  reaches  the  speed  B,  allowing  the  train  to  coast. 
Due  to  train  resistance,  the  speed  of  a  train  will  be  reduced 
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while  coasting  and  therefore  a  shorter  distance  will  be  cov- 
ered in  the  same  time.  The  point  at  which  the  power  is  cut 
off  must  be  determined  by  the  "cut-and-try"  method.  As 
mentioned,  the  area  under  ABC  is  35.1  sq.  in.,  and  only  34.43 
sq.  in.  is  required,  a  difference  of  0.67  sq.  in. 

As  a  first  trial,  assume  that  the  power  is  cut  off  at  point  a, 
which  corresponds  to  a  speed  of  49  m.p.h.  The  force  acting  to 
produce  retardation  is  the  train  resistance  and  the  equivalent 
grade  resistance.  This  is  a  total  resistance  of  2,210  +  685  = 
2,895  lb.,  which  is  equivalent  to  4.5  lb.  per  ton  of  train 
weight — 100  lb.  per  ton  would  retard  at  the  rate  of 
1  m.p.h.p.s.,  so  that  4.5  lb.  per  ton  causes  a  retardation  of  0.045 
m.p.h.p.s.  For  all  practical  purposes  this  coasting  curve  can 
be  drawn  as  a  straight  line,  although  it  is  true  that  as  the 
train  slows  down,  the  train  resistance  decreases  and  the 
coasting  line  would  have  a  slight  curvature.  The  coasting 
line  is  shown  by  ab.  The  area  under  the  curve  AabC  is  34.68 
sq.  in.,  which  is  still  greater  than  required,  and  indicates  that 
the  power  can  be  cut  off  at  a  lower  speed.  Due  to  the  very 
slight  dift'erence  in  train  resistance  at  these  speeds  the  coast- 
ing lines  can,  without  appreciable  error,  be  drawn  parallel  to 
the  line  ab.  Line  cd,  starting  at  48.3  m.p.h.,  is  so  located 
that  the  area  AcdC  =  34.43  sq.  in.  and  the  locomotive  will 
make  the  schedule  specified  by  cutting  off  power  at  c,  118 
seconds  from  the  start. 

Curve  of  Amperes  Per  Locomotive. — The  next  step  is  to 
plot  the  "amperes  per  locomotive"  curve,  which  stops  at  118 
seconds  since  power  is  cut  off  at  this  point.  The  data  in 
Column  11  will  give  the  curve  from  E  to  F.  The  first  point 
given  in  Column  11  is  45.71  seconds.  It  has  been  assumed 
that  the  motors  will  be  connected  four  in  series,  then  in  series- 
parallel  so  that  the  current  taken  by  the  locomotive  in  the 
first  position  is  : — 

6,520 

rz:  1,630  amperes,  and  in  the  series-parallel  position  is 

3,260  amperes. 

In  order  to  plot  in  these  current  values,  it  must  be  known 
at  what  speeds  the  changes  in  motor  connections  take  place. 
The  voltage  applied  to  the  locomotive  is  600  volts.     There- 
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fore,  when  the  four  motors  are  in  series  there  is  150  volts 
across  the  terminals  of  each  motor,  and  when  in  the  series- 
parallel  position,  300  volts  across  each  motor.  For  very 
rough  work,  the  speeds  could  be  taken  at  one-quarter  and 
one-half  of  the  600  volts  speed  and  in  this  case  the  changes 

32  32 

would  take  place  at  — or  8  m.p.h.,  and  —  or  16  m.p.h.    For 

closer  work,  however,  these  speeds  must  be  more  carefully 
checked  and,  the  voltage  drop  in  the  motor  must  be  taken  into 
account.    The  relations  of  the  speeds  are  obtained  as  follows : 


and 


Speed  in  series-parallel 300  volts — volts  drop  in  motor 

Speed  in  parallel  600  volts — volts  drop  in  motor 


Speed  in  series         150  volts — volts  drop  in  motor 

Speed  in  parallel  600  volts — volts  drop  in  motor 

The  volts  drop  =  IR  where  I  :=  the  current  passnig  through 
the  motor,  and  R  =  the  resistance  of  the  motor;  assume  that 
R  =z  0.015  ohms.  Applying  this  formula  to  the  present  prob- 
lem we  obtain  the  following  speeds : 

(1)  In  series-parallel: 

300— (1,630x0-15)  300  —  24.5  275.5 

"^^^600— (1,630X0.15)    —  ^2X5QQ_24,5  —  32X  575  3— 15.3  m.p.h. 

(2)  In  series: 

150  —  24.5        ,^      126.5      ^^ 
32  X  600-24.5  =  ^^  X  57575  =  7.04  m.p.h. 

The  remaining  part  of  the  ampere  curve  can  now  be  plotted. 
At  the  start  the  current  jumps  to  1,630  amperes  shown  by 
line  Ae,  and  it  remains  at  this  value  until  a  speed  of  7.04 
m.p.h.  is  reached  which  locates  point  /;  at  this  speed  the 
motors  are  changed  to  series-parallel  so  that  the  current 
jumps  to  3,260  amperes,  shown  by  line  fg.  The  current  is  con- 
stant until  15.3  m.p.h.  is  reached,  which  locates  point  h.  At 
15.3  m.p.h.  the  motors  go  into  full  parallel  and  the  current 
jumps  to  6,520  amperes  shown  by  line  hi,  and  remains  constant 
to  point  E,  the  end  of  straight  line  acceleration.  This  con- 
stant current  on  each  step  is  maintained  by  cutting  out  resis- 
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tance ;  if  this  were  not  done,  the  current  would  automatically 

drop  off  as  the  motor  speeds  up. 

It  may  be  necessary  to  knoNv  the  average  current  taken  by 

the  locomotive  over  the  whole  run  of  240  seconds.     This  can 

be   determined    by   dividing   the    area   of    the    current    curve 

AefghiKFG  by  240  seconds.     Referring  to  Fig.  117,  the  area  of 

each  square  inch  is  2,000  X  20  ^  40,000  ampere-seconds.    The 

area  of  the  current  curve  AcfghiJLFG — obtained  by  the  use  of 

the  planimeter — is  11.92  sq.  in.  so  that  the  average  current  is 

11.92  X40.O00 

z=  1,987  amperes. 

240  ^ 

This  is  equivalent  to  taking  the  area  and  spreading  it  out 
over  240  seconds  with  a  constant  current  value  of  1,987. 

Kilcnvatt  Curve. — In  plotting  the  kw.  curve  the  values  in 

series  position  will  be 

4 

:=:  977.5  kw.,  and  in  series-parallel  1,955  kw. 

3,910 

Moreover,  the  changes  will  take  place  at  the  same  speeds  as 
on  the  current  curve.  The  kw.  curve  is  shown  by  kmnprstG. 
It  is  necessary  at  times  to  know  the  average  kw.  It  is  ob- 
tained in  the  same  way  as  the  average  current.  Each  sq.  in. 
is  1,000  X  20  =  20,000  kw. -seconds.  The  area  under  the  kw. 
curve  is  14.31  sq.  in.  so  that  the  average  power  is 

14.31  X  20,000 

• 240 1-192.5  kw. 

This  value  checks  with  the  average  kw.  obtained  from  the 
product  of  the  average  current — 1,987 — and  volts — 600. 

Current-Squared  Curve. — The  P  curve  is  plotted  for  one 
motor  only,  as  connecting  the  motors  in  different  combina- 
tions does  not  change  the  current  values  in  the  individual 
motors.  The  P  value  of  2,650,000  is  therefore  constant  from 
0  to  32  m.p.h.  The  curve  is  shown  by  AHJKG.  The  object 
of  plotting  this  curve  is  to  determine  at  what  percentage  of 
full  capacity  the  motors  are  being  worked.  The  capacity  of 
a  motor  is  limited  by  the  maximum  allowable  temperature 
of  the  windings ;  the  greater  the  current  passing  through, 
the  higher  the  temperature  rise.    The  heat  formed  is  directly 
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proportional,  not  to  the  actual  current,  but  to  the  square  of 
the  current,  since  watts  lost  in  heat  equal  T-R. 

The  heating  is  therefore  proportional  to  the  average  of 
the  squares  of  the  current  values.  Moreover,  the  square  root 
of  the  average  of  the  squared  currents  will  be  a  current 
value  which  if  flowing  continuously  through  the  motor  would 
give    the    same    heating.      The    square    root    of    the    average 

square   current    is   known   as   the   root-mean-square — r.m.s. 

or  equivalent  heating  current.  If  we  know  what  the  r.m.s. 
current  is  for  a  particular  motor,  we  can  tell  at 'what  per  cent 
of  total  rating  it  is  being  worked,  by  getting  the  r.m.s.  value 
from  the  I-  curve.  Referring  to  Fig.  117,  the  area  of  the  P 
curve,  AHJKG,  is  18.45  sq.  in. ;  one  square  inch  =  500,000  X  20 
=  10,000,000  I-  seconds.  The  average  P  over  240  seconds  is 
768,750  and  the  r.m.s.  value  is  V~768,750  =  876  amperes.  The 
rating  of  the  motor  is  950  amperes  so  that  it  is  being  worked 
at  92.3  per  cent  of  its  capacity. 

Power  Required  for  Operation.— Electric  power  for  pro- 
pelhng  trains  is  expressed  in  kilowatt-hours,  and  it  is  the 
general  practice  in  electric  traction  to  specify  the  power  re- 
quired for  a  certain  service  in  terms  of  kilowatt-hours  per 
train-mile  and  watt-hours  per  ton-mile. 

As  mentioned  when  discussing  the  kilowatt  curve,  the  area 
under  that  curve  is  14.31  sq.  in.  Referring  to  Fig.  135,  each 
square  inch  on  the  kilowatt  curve  represents  1,000  X  20  = 
20,000  kilowatt-seconds.  The  total  energy  therefore,  for  thi's 
curve  is  20,000  X  14.31  =  286,200  kilowatt-seconds  or 
286,200 
3^QQ    =  ^^9.5  kilowatt-hours.    The  typical  run  represents  the 

average  of  17  runs,  so  the  total  energy  for  the  entire  trip  is 
17  X  79.5  =  1,351.5  kilowatt-hours.  Therefore,  the  kilowatt- 
hours  per  train-mile  is : 

1,351.5 
— — - — •=  41.58  kw-hrs.  per  train-mile 

and  the  watt-hours  per  ton-mile  is 

41.58 

— — jX  1,000  =  65.62  watt-hours  per  ton-mile 
633.6  ^ 

The  above  problem  has  been  worked  out  by  taking  a  typi- 
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cal  run  as  the  basis.  Sometimes  in  new  projects  or  on  a  care- 
ful study  of  operating  conditions,  it  is  found  desirable  to  plot 
a  continuous  speed-time  curve,  etc.,  of  a  train  operating  over 
the  whole  line.  In  a  problem  of  this  kind,  it  would  be  a  diffi- 
cult task  and  require  much  time  to  work  out  a  set  of  tables 
similar  to  Table  5.  It  is,  however,  possible  to  make  a  chart 
for  the  train  under  consideration  and  the  various  points  of  the 
speed  time  curve  can  be  read  directly  from  this  chart.  In  the 
next  chapter,  such  a  problem  has  been  assumed,  the  chart 
worked  out,  and  its  use  demonstrated. 


CHAPTER  XXVI 

THE  CONTINUOUS  SPEED-TIME  CURVE  AND 
TRAIN  CHART 

In  the  preceding  chapter,  the  method  used  in  drawing  the 
speed-time  curve,  how  the  power  consumption  is  obtained,  as 
well  as  the  percentage  of  work  the  motors  of  the  locomotive 
are  doing  in  relation  to  their  rating,  has  been  explained  in 
detail.  These  calculations  are  based  on  the  "typical  run" 
which  represents  the  average  conditions  met  by  the  locomo- 
tive in  hauling  the  train  over  the  division ;  all  the  values  ob- 
tained are  average  values.  This  method  is  quite  satisfactory 
and  is  accurate  enough  for  most  problems.  Sometimes,  where 
the  profile  of  the  road  varies  greatly  over  different  parts  and 
the  distance  is  such  that  considerable  time  is  taken  to  pass 
over  each  of  these  parts,  the  line  is  divided  into  two  or  more 
sections  and  a  typical  run  is  made  for  each  section. 

There  are  times,  however,  when  it  is  desirable  to  make  a 
continuous  speed-time  curve  over  the  whole  profile.  The 
labor  involved  in  calculating  all  the  data  by  the  method  already 
described  would  be  great  and  the  process  slow ;  a  quicker  and 
better  method,  makes  use  of  a  chart  from  which  all  data  can 
be  read  off  directly  and  the  points  plotted  therefrom,  making 
the  speed-time  curve.  The  chart  is  very  simple  and  requires 
only  a  short  time  to  construct,  as  will  be  seen  from  the  fol- 
lowing description. 

A  problem  has  been  assumed.  From  this  data  the  chart 
Fig.  139  will  be  constructed  and  used  to  draw  the  continuous 
speed-time  curve.  The  previous  problem  considered  an  elec- 
tric locomotive  hauling  a  train  of  cars ;  this  one  will  consider 
multiple-unit  train  operation — a  train  of  several  motor  cars 
all  operated  from  one  master  controller. 

Problem. — Profile  of  a  Line- — A  small  section  of  the  profile 

251 


252  RAILROAD     ELECTRIFICATION 

of  the  line,  enough  to  demonstrate,  the  use  of  the  chart,  is  shown 
in  Fig.  137. 

Makeup  of  Train. — Seven  multiple-unit  motor  cars. 

Weight  of  Car  Complete. — Including  passengers — 50  tons. 

Weight  of  Train  Total. — 350  tons. 

Equipment. — Two  motors  per  car. 

Diameter  of  Wheels. — 36  inches. 

Gear  Ratio. — 125  :48. 

Voltage  at  Third  Rail.— 600. 

Accelerating  current  per  motor.- — 350  amperes. 

The  characteristic  curves  of  the  motor  used  on  the  multiple- 

TABLE  VI.— 300-VOLT   CURVE    FOR   SERIES   OPERATION 


Speed  Tractive  Effort  Amperes                Amperes  Sq. 

M.P.H.                1  Motor     14  Motors        1  Alotor  7  Motors  1  Motor 

IS 2.825  39,550  350  2,450  122,500 

16 2,100  30,100  280  1,960  78,400 

17 1,700  23,800  245  1,715  60,200 

18 1,450  20,300  215  1,505  46,300 

19 1,250  17,500  195  1,365  38,000 

20 1,100  15,400  175  1,225  30.600 

21 1.000  14,000  165  1,155  27,200 

22 875  12,250  150  1,050  22,500 

23 800  10,850  140  980  19,600 

24 720  10,080  130  910  16,900 

25 600  8,400  120  840  14,400 

26 550  7,700  115  805  13,200 

27 500  7,000  105  735  11,000 

28 450  6,300  100  700  10,000 

29 400  5,600  95  665  9,000 

30 360  5,040  90  630  8,200 

31 325  4,550  85  595  7,400 

32 285  3.990  80  560  6,400 

33 250  3,500  77  539  5,929 

34 210  2,940  75  525  5,600 


unit  train  are  shown  in  Fig.  138.  It  will  be  noted  that  speed 
curves  are  shown  for  both  600  volts  and  300  volts.  It  is  nec- 
essary to  plot  the  300-volt  curve,  so  that  the  speeds  and  current 
values  can  be  obtained  for  series  running.  The  speeds  at 
300  volts  are  not  exactly  one-half  of  those  at  600  volts,  but 
are  slightly  less  for  the  same  motor  currents,  due  to  the 
greater  percentage  of  volts  drop  in  the  motor. 

Construction  of  Chart. — The  chart  is  constructed  from  data 
taken  from  the  characteristic  curves.     For  convenience  this 
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data  is  tabulated:  Table  6  gives  the  tractive  effort  and  am- 
peres for  one  motor  and  for  the  train,  corresponding  to  var- 
ious speeds  when  operating  in  series — 300  volts ;  Table  7 
gives  similar  data  for  parallel  or  600-volt  operation. 

Using  this  data,  the  chart.  Fig.  139,  can  be  constructed.  At 
a  point  about  one-third  across  the  sheet  draw  the  vertical 
line  AB.  To  the  right  of  this  line  lay  off  pounds  tractive  ef- 
fort, and  to  the  left  pounds  train  resistance,  both  to  the  same 
scale.    The  values  used  in  plotting  the  train  resistance  curve 

TABLE  VII.— 600  VOLT  CURVE  FOR  PARALLEL  OPERATION 


Speed 

Tract! 

ive  Effort 

Amperes 

Amperes  Sq. 

M.P.H. 

1  Motor 

14  Motors 

1  Motor 

14  Motors 

1  Motor 

33 

2.825 

39.550 

350 

4,900 

122,500 

34 

. . .   2.500 

35.000 

320 

4.480 

102,400 

35 

. . .   2.255 

31,150 

295 

4.130 

86,900 

36 

. . .   2.050 

28,700 

275 

3,850 

75,600 

37 

1.900 

26,600 

260 

3,640 

67,600 

38 

1.725 

24.150 

245 

3,430 

60,000 

39 

1.600 

22.400 

230 

3,220 

52,900 

40 

1.475 

20.650 

215 

3,010 

41.100 

42 

1,250 

17,500 

195 

2.730 

38,000 

44 

1.100 

15,400 

175 

2,450 

30,600 

46 

975 

13.650 

160 

2,240 

25,600 

48 

825 

11,550 

150 

2,100 

22,500 

50 

750 

10,500 

140 

1,960 

19,600 

52 

650 

9.100 

125 

1,750 

15,500 

54 

575 

8,050 

117 

1,638 

13,600 

56 

500 

7.000 

110 

1,540 

12,100 

58 

425 

5.950 

102 

1,428 

10.400 

60 

375 

5.250 

95 

1.330 

9,000 

65 

300 

4,200 

85 

1,190 

7,400 

— Curve  A — for  the  350rton  train  are  tabulated  below;  they 
were  obtained  from  Fig.  30. 

Train  Resistance  Data — 350-Ton  Trzdn 

Miles  per  hour  Train  resistance,  lb. 

10 2,000 

20 2,670 

30 3,480 

40 4,240 

50 5,120 

60 6,080 

Using  the  values  given  in  tables  6  and  7  for  the  tractive 
effort  of  the  train,  plot  on  the  chart  for  both  the  series  posi- 
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tion — Curve  B — and  the  parallel  position — Curve  C.  These 
curves  represent  the  Gross  Tractive  Effort.  Curves  D  and  E 
— representing  the  Net  Tractive  Effort — are  obtained  by  sub- 


4.000 


12.000        14000        16000       18.000 


000  8.000         10,000 

Distance  in  Fee f 

Fig.  137 — Graphical   Method   of    Showing   the    Profile   and 
Alinement  of  a  Railway. 


tracting  the  train  resistance  from  Curves  B  and  C  by  laying 
off  to  the  left  the  values  of  train  resistance  at  several  points. 
Gross  tractive  effort  is  the  total  applied  at  the  drive  wheels, 
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Fig.  138 — Curves  for  Showing  Motor  Characteristics. 

while  net  tractive  effort  is  that  part  remaining  to  accelerate 
the  train  after  train  resistance  has  been  overcome. 

A  convenient  method  of  obtaining  the  points  for  the  Net 
Tractive  Effort  curves  is  to  take  a  pair  of  dividers,  obtain  the 
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train  resistance  at  any  speed  by  taking  the  distance  of  Curve  A 
—trains  resistance  curve— from  the  vertical  line  AB,  and  then 
laying  off  this  distance  to  the  left  of  the  Gross  Tractive  Ef- 
fort curves.  The  Net  Tractive  Effort  curves  represent  the 
tractive  effort  available  for  acceleration.  Wherever  these 
curves  across  the  line  AB,  the  "Zero  Tractive  Effort"  line, 
the  balanced  speed  of  the  train  is  indicated,  as  there  is  no  ad- 
ditional tractive  effort  for  acceleration.  In  the  present  prob^ 
lem.  Curve  D  crosses  the  line  at  32.4  miles  per  hour  and  Curve 
E  at  57.9  miles  per  hour,  which  shows  the  balanced  speed 
when  running  in  series  and  in  parallel  on  the  level.  When 
operating  up  or  down  hill,  grade  resistance  is  a  factor  and 
the  above  balanced  speed  values  will  be  changed.  It  will  be 
shown  later  how  it  is  possible  to  obtain,  directly  from  the 
chart,  the  balanced  speed  on  any  grade  or  curve. 

At  any  point  in  the  line  AB  draw  a  horizontal  line  CD  which 
crosses  AB  at  O.  Lay  off  a  horizontal  scale  of  seconds,  be- 
ginning at  point  D  and  a  vertical  scale  of  miles  per  hour  per 
second  acceleration.  Draw  the  hyperbolas— Curves  F  and  G— 
so  that  the  product  of  the  ordinates  and  abscissae  is  always 
a  constant  of  2  miles  per  hour.  For  instance,  one  point  of  the 
curve  is  located  at  the  intersection  of  20  sec.  and  0.1  m.p.h.p.s. 
acceleration,  as  the  product— 20  X  0.1— is  2.  Another  is  at  5 
sec.  and  0.4  m.p.h.p.s.  acceleration— 5  X  0.4  =  2.  This  product 
of  2  m.p.h.  will  be  used  in  plotting  the  speed-time  curve  and 
is  the  increase  in  speed  during  which  the  acceleration  changes 
so  little  that  it  may  be  considered  constant.  This  increment 
is  a  matter  of  convenience  ;  a  larger  or  smaller  figure  could 
be  used,  but  2  m.p.h.  has  been  found  convenient  and  is  within 
the  degree  of  accuracy  of  the  problem.  If  any  other  product 
is  used,  the  same  increment  or  increase  of  speed  is  used  in 
plotting  the  speed-time  curve.  Curves  F  and  G  are  exactly 
alike,  but  are  located  in  different  quadrants  on  the  chart. 

Assume  that  100  lb.  per  ton  is  required  to  accelerate  one  ton 
at  the  rate  of  one  mile  per  hour  per  second,  20  lb.  per  ton  ad- 
ditional for  each  per  cent  of  grade  and  0.8  lb.  per  ton  per 
degree  of  curvature.  These  values  are  very  close  to  the  actual 
requirement '5. 

The  total  weight  of  train— 350  tons— multiplied  by  100  gives 
the  tractive  effort— 35,000  lb.— required  to  accelerate  the  train 
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on  the  level  at  1  m.p.h.p.s.,  acceleration.  Plot  this  value  on  the 
chart  opposite  1.0  m.p.h.p.s.,  which  gives  point  X.  Draw  a  line 
from  O,  the  intersection  of  the  lines  AB  and  CD  through  X. 
This  line,  OX,  is  called  the  "Acceleration  on  Level"  line  and  is 
used  for  the  basis  for  all  other  grades  and  curves. 


le    12     3     4     0      4     8     12    16    20  24    28  32    36  40  44 
Train  Resi^  >--  lOOP'^-  J^^^Hvp  Fffor*  m  inOO  P-^'mds. 

Fig.  139 — Chart  Used   for  Dra\vin< 


Speed — Time  Curves. 


The  problem  stated  that  the  average  accelerating  current 
per  motor  is  350  amperes,  and  reference  to  Tables  VI  and  VII 
shows  that  a  total  tractive  effort  of  39,550  lb.  is  obtained  when 
this  value  of  current  passes  through  each  motor.  The  accele- 
ration is,  therefore,  greater  than  1  m.p.h.p.s..  as  only  35,000  lb. 
is   required  for  acceleration   at  this   rate.     Referring  to  the 
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chart — Fig.  121 — each  of  the  Gross  Tractive  Effort  curves 
— B  and  C — begins  at  a  tractive  effort  value  of  39,550  lb., 
points  a  and  b.  The  corresponding  points  on  the  Net  Tractive 
Effort  curves,  points  c  and  (i  respectively,  give  the  tractive 
effort  available  for  acceleration,  and  if  these  points  are  pro- 
jected vertically  to  the  line  OX  the  rate  of  acceleration  can 
be  obtained.  Point  c,  projects  to  point  e,  and  on  the  m.p.h.p.s. 
scale  gives  1.06.  Point  d,  projects  to  point  /,  and  on  the 
m.p.h.p.s.  scales  gives  1.02.  This  gives  the^cceleration  of  the 
train  on  the  level  of  1.06  m.p.h.p.s.  wherT  in  series,  and  1.02 
m.p.h.p.s.  when  in  parallel,  with  350  amperes  per  motor,  ac- 
celerating current. 

The  effect  of  up,  or  plus,  grades  and  curves  is  to  decrease 
the  speed  and  acceleration,  and  the  effect  of  down,  or  minus, 
grades  is  to  increase  the  speed  and  acceleration.  These  grades 
and  curves  are  taken  care  of  on  the  chart  by  lines  parallel  to 
the  "Acceleration  on  Level"  line — plus  grades  to  the  right,  and 
minus  grades  to  the  left.  A  line  for  each  grade  and  curve 
appearing  on  Fig.  137  running  in  both  directions,  should  now 
be  drawn  on  the  chart.  Take  for  example  a  one  per  cent 
grade :— 1  per  cent  X  20  lb.  X  350  tons  gives  7,000  T.  E.— trac- 
tive effort. 

Lay  off  this  value  on  the  line  CD,  to  the  right  of  O,  for 
the  plus  grade  and  to  the  left  for  minus  grade,  giving  points 
g  and  Ji.  Through  these  points  draw  lines  parallel  to  OX. 
As  another  example  take  the  one  degree  curve  on  the  0.36  per 
cent  grade. 

0.8    X  1     X  350  gives     280  lb.  T.  E. 
0.36  X  20  X  350  gives  2,520  lb.  T.  E. 


Total  2,800  lb.  T.  E. 

A  curve  is  equivalent  to  a  plus  grade ;  therefore  lay  off  this 
value  to  the  right  of  O  at  point  /.  All  the  other  lines  are  ob- 
tained in  a  smiliar  way.  To  avoid  confusion,  only  a  few  of 
the  grade  lines  are  shown.  It  has  been  shown  that  where  the 
Net  Tractive  Effort  curves — D  and  E — cross  the  vertical  line 
AB,  balanced  speeds  are  reached.  A  similar  condition  holds 
true  for  grades  and  curves  ;  the  intersection  of  curves  D  and 
E,  with  a  vertical  line  drawn  through  the  point  of  intersection 
of  any  grade  line  with  the  horizontal  CD,  will  give  the  balanc- 
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ing  speed  on  that  grade  or  curve.  For  example,  on  the  one 
degree  curve  and  grade  of  0.36  per  cent  the  balancing  speed 
is  where  curves,  D  and  E,  cross  a  vertical  line  through  /.  In 
series  running,  it  is  at  point  ;',  or  28.1  m.p.h.  and  in  parallel  is 
at  point  k,  or  53.4  m.p.h.  On  a  minus  0.4  per  cent  grade  the 
balancing  speed  in  series  is  at  point  t,  or  38.4  m.p.h.,  and  in 
parallel  it  is  at  point  nv,  or  66.2  m.p.h. 

From  the  chart  the  continuous  speed-time  curve  on  Fig. 
140  can  now  be  drawn.  Using  m.p.h.  as  ordinates  and  seconds 
as  abscissae,  lay  off  any  convenient  scale.  First  obtain  the 
value  of  one  square  inch  in  terms  of  distance  in  feet,  using  the 
scale  on  Fig.  140. 

10  (sec.)  X  10  (m.p.h.)  X  5,280  (ft.)        ^  ^^  ^  ^ 

=  146.7  ft.  per  sq.  m. 

3,600  (sec.  per  hour) 

From  motor  curves — Fig.  120 — at  350  amperes  the  motors 
will  be  in  full  series  on  the  level  at  15  m.p.h.  In  this  case, 
using  automatic  acceleration,  the  motors  will  immediately  go 
to  parallel  and  will  be  in  full  parallel — all  resistance  cut  out 
— at  ?)?)  m.p.h. 

As  the  acceleration  in  series  was  found  to  be  1.06  and  in 
parallel  1.02  m.p.h.p.s.,  the  time  taken  to  reach  15  m.p.h.  is: 

15.0 

=  14.1  seconds  (Point  N,  Fig.  122) 

1.06  y  ^     ^        ) 

and  to  reach  parallel  or  33  m.p.h.  the  time  required  is : 

33—15  18 

17.6  sec.  more,  or  31.7  sec.  from  start  (Pt.  M). 


1.02  1.02 

An  easier  and  better  method  of  obtaining  line  NM  and 
one  which  gives  exactly  the  same  result  is  as  follows : — - 
33  (m.p.h.)  -^-  1.02  (acceleration)  gives  32.4  sec,  the  time  the 
train  would  take  to  reach  33  m.p.h.  if  1.02  m.p.h.p.s.  was  the 
acceleration  throughout  and  which  would  be  represented  by 
line  OQ.  From  point  N  draw  a  line  parallel  to  OQ  and  stop 
same  at  ZZ  m.p.h. ;  this  line  will  coincide  with  the  line  NM. 

The   acceleration   cannot,   however,   continue   uniformly   to 
33  m.p.h.,  because  the  train  strikes  a  grade  and  curve.     Re- 
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ferring  to  Fig.  137,  the  one  degree  curve  and  0.36  per  cent 
grade  begin  at  a  point  700  ft.  from  the  starting  point.  One 
square  inch  on  Fig.  140  represents  146.7  ft.,  so  that  700  -^  146.7 
=  4.77  sq.  in.  under  the  line  ONM  will  give  a  point  R  oil  NM 
at  which  the  acceleration  \v\\\  change.  A  planimeter  is  used 
for  obtaining  this  area  and  thereby  determining  point  R. 

To  obtain  the  slope  of  the  line  refer  to  the  chart,  Fig.  139. 
Project  the  point  where  the  vertical  line  through  d  cuts  the 

1  degree  curve  -|-  0.36  grade  line,  to  the  scale  of  acceleration, 
which  gives  0.95  m.p.h.p.s.,  which  is  the  acceleration  on  this 
curve  and  grade.  Obtain  the  slope  of  line  on  Fig.  140  as  pre- 
viously described  for  NM  thus:  33  (m.p.h.)  -^  0.95  (accel.) 
gives  34.8  seconds,  which  locates  point  S.  Draw  a  line  through 
R  parallel  to  OS,  and  end  it  at  33  m.p.h.  (point  T),  because 
this  speed  represents  the  end  of  straight-line  acceleration  due 
to  the  motor  characteristic. 

Further  calculations  will  involve  a  constantly  changing 
acceleration,  but  good  results  can  be  secured  by  dividing  the 
speed  changes  into  steps  of  2  m.p.h. ;  for  this  the  curves  F  and 
G — Fig.  139 — simplify  the  work. 

The  level  track  ended  at  R,  and  there  follows  1,200  ft.,  or 
1,200  ^  146.7  =  8.16  sq.  in.  on  Fig.  140  of  the  curve  and 
grade.  Take  an  increment  of  2  m.p.h.  above  the  33  m.p.h. — 
35  m.p.h. — and  use  the  average  of  these  two  speeds,  or  34 
m.p.h.  The  point  corresponding  to  34  m.p.h.  on  Curve  E,  is 
point  V — Fig.  139.  Project  point  v  to  the  1  degree  and  0.v36  per 
cent  line,  point  zv;  and  to  hyperbola  curve  F.  point  y;  to  scale 
of  seconds  which  gives  2.4  seconds  required  for  the  2  m.p.h. 
increase. 

On  speed-time  curve — Fig.  140 — locate  point  Z,  2.4  sec.  be- 
yond point  T,  and  at  35  m.p.h.    The  middle  point  of  the  next 

2  m.p.h.  increment  is  36  and  by  the  same  procedure,  3  sec- 
onds time  is  required  to  reach  37  m.p.h. — point  F ;  points  W, 
X  and  U  are  obtained  in  the  same  way. 

The  area  under  the  curve  between  points  R  and  E  is  8.16 
sq.  in.  Therefore  the  train  leaves  the  curve  at  point  E  at 
42  m.p.h..  to  run  on  straight  and  level  track.  The  rate  of 
acceleration  will  be  greater  and  the  speed  curve  will  follow 
the  line  EG. 

Referring  to  Fig.  137:  There  is  a  distance  of  only  100  ft. 
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before  a  1  per  cent  grade  is  reached,  therefore,  the  area 
under  the  curve  beyond  point  E  will  be  100  -^  146.7,  or  .68  sq. 
in.,  which  locates  point  H  at  42^4  m.p.h.  Proceed  with  the 
increment  of  2  m.p.h.  from  this  point — 42^  m.p.h. — using  the 
1  per  cent  grade  line,  which  will  give  another  slope,  and 
points  I  and  J  are  obtained  and  plotted.  The  point  for  the 
top  of  the  grade  is  obtained  by  using  the  area  below  the  speed- 
time  curve,  as  has  been  previously  explained,  and  is  designated 
as  point  K. 

Assume  that  the  train  uses  no  power  after  reaching  the  top 
of  the  grade  and  coasts  into  the  station :  To  obtain  the  coasting- 
line,  starting  from  point  K,  refer  to  Fig.  130.  At  the  time  the 
current  was  shut  ofif  the  train  was  running  at  46^  m.p.h. ; 
the  middle  point  of  a  2  m.p.h.  decrease  in  speed  is  45^  m.p.h. 
which  locates  point  s,  on  curve  A.  Project  this  point  to  the 
"Acceleration  on  Level"  line — or  if  coasting  on  a  grade  to 
the  corresponding  grade  line — giving  point  n ;  project  n  to 
hyperbola  curve,  G,  giving  point,  o  ;  project  o  to  CD,  which 
gives  14  seconds,  or  the  time  required  for  a  2  m.p.h.  decrease 
in  speed  while  coasting.  At  14  seconds  beyond  point  K  on 
the  speed-time  curve — Fig.  140 — and  at  44^  m.p.h.,  plot  point 
P.  A  line  through  points  K  and  P  gives  the  slope  of  the 
coasting  line,  Avhich  may  be  extended  until  it  is  necessary  to 
apply  the  brakes  to  bring  the  train  to  a  stop  at  the  proper 
point. 

Assume  a  braking  rate  of  2  m.p.h.p.s.,  which  is  represented 
by  the  slope  of  line  YV.  The  station  stop — Fig.  137 — is  2,000 
ft.  from  the  point  where  the  current  is  shut  off.  Therefore  it 
is  necessary,  by  trial,  to  locate  the  point  Y  where  brakes  are 
applied,  so  that  the  area  under  the  curve  K-Y-V  is  equal  to 
2,000  -f-  146.7,  or  13.63  sq.  in. 

The  speed-time  curve  for  the  rest  of  the  profile  on  Fig.  137 
may  be  continued  in  the  same  manner.  The  train,  on  leaving 
the  station,  would  accelerate  on  the  level  for  a  few  hundred 
feet  and  then  descend  an  0.8  per  cent  grade.  It  will  of  course 
■  be  necessary  to  draw,  on  Fig.  139,  additional  lines  parallel  to 
OX,  to  take  care  of  each  value  of  grade  and  curvature  en- 
countered, but  otherwise  all  values  can  be  obtained  from 
curves  and  data  already  on  the  chart. 

In  connection  with  the  speed-time  curve,  draw  in  the  power 
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curve  and  the  ampere-square  curve,  as  was  described  in  the 
previous  chapter. 

Additional  Points — Speed-Time  Curve. — The  speed-time 
curve  represents  the  operating  condition  and  shows  graphi- 
cally the  typical  run.  The  curve  is  made  up  of  four  variables 
— acceleration,  coasting,  retardation  or  braking,  and  stop.  A 
change  in  any  one  of  these  factors  will  change  the  schedule 
speed,'  the  other  three  remaining  the  same;  or,  for  the  same 
schedule,  a  change  in  one  of  the  variables  may  change  one  or 
all  of  the  other  three.  A  change  in  power  consumption  may 
also  occur.  In  the  study  of  electric  traction,  it  is  necessary 
to  have  a  clear  understanding  of  these  four  factors  and  their 
relation.  Gear  ratio  also  has  an  effect  on  the  speed-time 
curve.  Many  times,  the  motor  curve  is  not  suitable ;  the  speed 
may  be  too  high  or  too  low ;  in  any  case  it  can  be  changed  to 
suit  the  conditions  by  changing  the  gear  ratio  to  one  which  is 
suitable  for  the  particular  service. 

It  requires  one  hundred  pounds  per  ton  tractive  effort  to 
produce  an  acceleration  of  one  mile  per  hour  per  second; 
other  rates  of  acceleration  are  proportional.  Therefore,  at 
low  rates  of  acceleration  the  tractive  effort  will  be  less  and 
hence  the  current  will  be  less  than  for  high  rates.  It  naturally 
follows  that  the  time  will  be  greater  to  reach  a  certain  speed, 
and  moreover,  a  greater  distance  will  be  covered  before  attain- 
ing this  speed — the  lower  the  rate  of  acceleration  the  less  will 
be  the  distance  travelled  in  a  given  time.  In  locomotive 
operation,  especially  in  long  runs,  the  rate  of  acceleration  is 
not  an  important  factor,  as  the  time  of  acceleration  is  only  a 
small  part  of  the  total  run.  However,  in  suburban  service, 
in  which  multiple-unit  trains  are  generally  used,  the  opera- 
tion is  on  a  high  speed  schedule,  and  usually  stops  are  many 
and  close  together.  Under  these  conditions  the  time  gained 
or  lost  during  acceleration  may  be  an  important  item  in  the 
maintaining  of  schedules.  This  situation  '  prevails  in  the 
suburban  service  of  the  New  York  Central,  where  a  large 
proportion  of  the  traffic  is  handled  by  multiple-unit  trains. 
In  the  electrification  of  the  Pennsylvania  at  Philadelphia,  no 
locomotives  are  used;  this  is  also  true  of  the  Long  Island 
Railroad  and  the  West  Jersey  and  Seashore  Railroad. 

As  it  takes  longer  with  low  acceleration  to  reach  a  certain 
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speed,  it  will  be  necessary  to  keep  the  power  on  the  locomo- 
tive for  a  longer  time,  so  that  to  maintain  a  certain  schedule 
there  must  be  less  coasting.  Also  the  train  will  be  running  at 
at  a  higher  speed  when  the  brakes  are  applied.  This  is  illus- 
trated in  Fig.  141 ;  the  speed-time  curve,  OABCDE,  represents 
a  typical  run.  Assuming  a  lower  acceleration  under  these 
conditions,  the  speed-time  curve  will  be  ORSTDE,  The  area 
enclosed  under  the  speed-time  curve  is  a  measure  of  the  dis- 
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Fig.  141 — Curves  Which  Show  the  Effect  of  Changing  the 
Rate  of  Acceleration. 


tance  covered.  Since  it  is  desired  to  perform  the  same  sched- 
ule with  the  two  different  rates  of  acceleration,  the  areas 
underneath  the  two  curves  must  be  equal.  Due  to  the  lower 
acceleration,  however,  area  is  lost  during  the  first  part  of  the 
run;  this  lost  area  is  OABXR,  in  Fig.  141.  Therefore,  to  com- 
pensate for  this  loss,  the  power  must  be  kept  on  longer  than 
would  be  necessary  with  a  higher  acceleration,  so  that  the 
rising  part  of  the  curve  is  extended  to  a  point  that  makes 
the  area,  XSTC,  equal  to  the  area  OABXR. 

The  amount  of  power  the  train  will  require  depends  largely 
on  the  rate  of  acceleration.  In  the  case  of  long  runs,  as  men- 
tioned before,  a  change  in  acceleration  will  make  only  a  small 
change  in  the  power  consumption,  since  the  percentage  of  in- 
crease is  very  small,  but  in  short  runs  the  increase  in  power 
consumption  may  be  considerable.  Generally,  the  higher  the 
speed  at  which  brakes  are  applied,  the  greater  the  power  con- 
sumption.   A  train  running  at  a  certain  speed  develops  a  cer- 
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tain  amount  of  kinetic  energy ;  this  energy  is  used  to  propel 
the  train  after  the  power  is  cut  off  and  thus  permits  coasting. 
If  the  train  is  retarded  at  a  constant  rate,  then,  the  higher 
the  speed  at  which  brakes  are  applied,  the  greater  will  be 
the  power  consumed  by  the  brake,  and  the  greater  must  be 
the  energy  input  to  offset  this  loss. 

In  a  previous  chapter  it  was  shown  that  the  heat  developed 
in  a  motor  is  dependent  upon  the  square  of  the  current  pass- 
ing through  the  motor.  Increasing  the  acceleration  increases 
the  current,  causing  an  increase  in  the  heating.  However, 
with  increased  acceleration  the  power  is  on  a  shorter  length 
of  time,  tending  to  reduce  the  heating.  For  any  given  run 
there  is  a  rate  of  acceleration  which  will  give  the  minimum 
heating.  Rapid  acceleration  affects  the  heating  of  the  motors 
to  a  much  greater  extent  in  short  runs  than  in  long  runs,  as 
the  high  currents  occur  more  frequently  and  form  a  larger 
proportion  of  the  total  time.  Since  heating  depends  upon 
the  root-mean-square  current,  the  heating  is,  in  general,  less 
as  the  run  is  longer.  The  size  of  the  motor  is  determined  by 
the  heating,  so  that  with  a  given  weight  of  car,  and  a  given 
schedule,  larger  motors  are  required  as  the  number  of  stops 
increase. 

A  study  of  the  speed-time  curve  will  show  that  the  length  of 
stop  will  have  a  decided  effect  upon  the  schedule  speed  and 
the  power  consumption.  If  the  stop  is  lengthened  the  point 
D,  will  be  moved  nearer  the  point  O,  and  in  order  to  keep  the 
same  area  the  power  must  be  on  longer,  with  less  coasting, 
so  that  there  will  be  an  increase  in  power  consumption  and 
heating  will  also  be  increased. 

A  change  in  the  braking  rate  will  affect  the  operation  in  a 
manner  similar  to  effects  produced  by  a  change  in  accelera- 
tion; in  long  run^  a  change  in  the  braking  rate  only  slightly 
affects  conditions  since  the  time  of  braking  is  a  small  propor- 
tion of  the  total  time  of  the  run,  but  in  short  runs  it  be- 
comes an  important  factor.  A  high  braking  rate  is  advanta- 
geous as  it  allows  more  coasting ;  the  train  is  allowed  to  coast 
right  up  to  the  last  possible  moment  and  in  maintaining  a 
certain  schedule,  the  power  can  be  cut  off  sooner — approxi- 
mately the  amount  of  time  saved  by  the  more  rapid  braking. 


CHAPTER  XXVII 
GEAR  RATIO  AND  WHEEL  DIAMETER 

The  gear  ratio  between  the  motors  and  the  car  wheels 
determines  the  speed  of  the  train — with  constant  voltage  and 
assuming  a  variable  speed  motor.  The  tractive  effort,  with 
a  constant  current  flowing  through  the  motors,  also  depends 
on  the  gear  ratio. 

Gear  Ratio. — The  speed  and  the  tractive  effort  are  directly 
proportional  to  the  gear  ratio  and  it  follows  that  with  a  high 
speed  the  tractive  effort  is  low.  Therefore,  to  produce  a 
given  tractive  effort  or  a  certain  rate  of  acceleration  with 
high-speed  gearing  a  much  greater  current  must  be  used  than 
is  required  with  low-speed  gearing.  More  power  is  thus  re- 
quired on  grades  and  curves,  but  the  time  consumed  will  be 
decreased — one  advantage  of  high  gearing.  It  is  possible, 
however,  to  gear  for  too  low  a  speed,  so  that  the  amount  of 
coasting  will  be  so  small  that  the  power  consumption  will  be 
excessive.  In  general,  a  gear  ratio  should  be  used  which  will 
give  the  lowest  speed  required  to  maintain  the  schedule,  al- 
lowing ample  margin  for  making  up  lost  time.  In  studying 
a  problem  and  drawing  up  the  speed-time  curve,  allowance 
should  be  made  for  sufificient  coast  to  take  care  of  delays,  etc., 
so  that  the  equipment  can  operate  on  a  faster  schedule  when 
all  conditions  are  perfect.  There  should  be  at  least  10  per 
cent  allowance  for  coasting,  but  operating  conditions  may 
be  such  that  15  or  20  per  cent  allowance  may  be  necessary. 

The  changing  of  the  motor  curve  from  one  gear  ratio  to  an- 
other is  a  simple  procedure  and  is  as  follows : 

Characteristic  curves  of  a  railway  motor  are  shown  by  the 

26S 
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full  lines  in  Fig.  142.  These  curves  are  drawn  for  a  gear 
ratio  of  21 :66  with  33  in.  wheels.  As  an  illustration  of  the 
procedure  assume  that  the  speed  is  too  high  and  it  has  been 
decided  to  use  a  16-tooth  pinion;  the  new  ratio  would  then  be 
16:71.  It  should  be  mentioned  here  that  the  sum  of  the 
pinion  and  gear  teeth  is  always  the  same  for  any  one  motor 
when  the  same  pitch  is  used.  The  total  number  of  teeth  is 
fixed  by  center  distances,  i.  e.,  the  fixed  distance  between 
the  center  of  the  armature  shaft  and  the  center  of  the  driving 
wheel  axle. 

The  curves  in  Fig.  142  are  drawn  in  reference  to  amperes 
per  motor.  At  any  given  current  the  armature  revolutions  of 
the  motor  will  be  constant  so  that  with  the  16-tooth  pinion 
the  revolutions  of  the  axle,  and  therefore  the  speed,  will  be 
less  than  with  the  18-tooth  pinion.     The  gear  ratio  is  equal 

Number  of  gear  teeth 

to The  speed  will  vary  inversely  as 

Number  of  pinion  teeth 

the  gear  ratio  and  therefore,  in  this  problem,  will  vary  as  :— 

06 

71      3.14 

-  =  — -  =  .708 

71        4.44 

lb 

By  taking  various  points  along  the  m.p.h.  curve  and  multi- 
plying by  the  factor  .708  a  new  speed  curve — shown  by  dashes 
— is  obtained. 

The  horsepower  for  a  constant  current  is  constant  so  that 
the  tractive  effort  will  be  increased  with  the  new  ratio  of 
16:71.  The  amount  of  increase  will  be  directly  proportional 
to  the   ratio   of   the   gear   ratios   and   in   this    case   will   be 

4.44 

'     -=:  1.41.    Applying  this  factor  to  the  T.  E.  curve  a  new 

curve  is  obtained  as  shown  by  the  dotted  line.     These  new 
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curves — shown  by  dashes — can  now  be  used  for  the  problem 
which  may  be  under  consideration. 

Wheel  Diameter. — A  change  in  wheel  diameter  will  also 
affect  the  speed  and  tractive  effort.  Changing  to  a  36-in. 
wheel  increases  the  speed  for  a  constant  current  and  must 
therefore  decrease  the  tractive  effort.  Assuming  the  original 
gear  ratio  of  21 :  66  and  that  the  equipment  is  mounted  on 
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Fig.  142 — Motor    Characteristic   Curves    Showing   Eflfect  of 
Changes  in  Gear  Ratio  and  Wheel  Diameter. 

36  in.  wheels  instead  of  33  in.,  determine  the  characteristic 

curves  to  use!    The  factor  for  the  speed  is  determined  as  fol- 

36 
lows  by  the  ratio  of -^  =  1.09,  and  for  the  tractive  effort  by 


Zi 


the  inverse  ratio,  namely 


33 
36 


.917.    Applying  these  factors 


to  the  curves,  new  curves  are  obtained,  as  shown  by  the  dots 
and  dashes.     If  it  is  necessary  to   make   changes   for  both 
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wheels   and  gear   ratio   the   following   formula   will   be   used 
having  in  mind  that : 

Number  of  gear   teeth 


Gear  ratio 


Number  of  pinion  teeth 


Gear  Wheel 


M.P.H.  (1)         Ratio  (2)         Diam.  (1) 
M.P.H.  (2)  ~  Gear  ^   Wheel 

Ratio  (1)         Diam.  (2) 

Tractive  Gear  Wheel 

Effort    (1)  _  Ratio  (1)        Diam.  (2) 

Tractive  Gear  Wheel 

Effort    (2)       Ratio  (2)        Diam.  (1) 


CHAPTER  XXVIIT 
AN  ELECTRIFICATION  PROBLEM— I 

In  this  chapter  and  the  chapter  following-  will  be  worked 
out  a  complete  electrification  problem,  showing  what  infor- 
mation is  necessary  and  how  it  is  used.  The  discussion  will, 
necessarily,  be  of  a  general  nature  as  every  problem  is  so 
different  in  detail,  but  the  method  described  can  be  applied 
to  any  problem  relating  to  the  electrification  of  steam  rail- 
roads. In  the  application  of  this  method,  the  data  assembled 
in  the  preceding  chapters  in  describing  the  calculations  for 
tractive  effort,  train  resistance,  etc.,  will  be  employed. 

Assume  that  on  a  steam  railroad,  operating  both  passenger 
and  through  and  local  freight  trains,  over  a  profile  which  is 
not  level,  a  study  is  to  be  made  for  the  purpose  of  electrifica- 
tion. Certain  data  is  necessary  to  determine  the  most  suitable 
design  of  electric  locomotive ;  the  power  required  from  the 
power  house  to  maintain  the  schedule ;  the  maximum  load  on 
the  power  house,  etc. 

There  are  several  factors  which  should  be  considered  in  the 
selection  of  the  electric  locomotive  equipment ;  some  of  these 
factors,  at  first  thought,  appear  unimportant.  It  is  an  easy 
matter  to  choose  a  locomotive  that  will  be  more  than  large 
enough  to  perform  a  given  service,  but  to  select  one  that  is 
just  the  right  size,  one  that  is  of  minimum  first  cost  and 
minimum  weight,  requires  careful  study. 

The  motors  of  an  electric  locomotive  must  be  capable  of 
exerting  a  certain  number  of  pounds  tractive  effort  at  the 
driving  wheels  to  pull  a  trailing  load  of  a  certain  number  of 
tons.  It  has  been  established  that,  on  level  track,  it  requires 
a  tractive  effort  of  from  fifteen  to  twenty-five  pounds  per  ton 
of  trailing  load  to  start  a  train  and  bring  it  up  to  speed: 
about   seven  pounds   is   the   tractive   effort   per   ton   required 
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to  maintain  this  train  at  constant  speed.  The  actual  tractive 
effort  that  a  locomotive,  for  a  particular  service,  must  be 
capable  of  exerting  depends  on  the  condition  of  the  track,  the 
curves  and  grades,  on  the  number,  condition,  and  weight  of 
cars  in  the  train. 

The  weight  of  a  locomotive  must  be  such  that  the  ad- 
hesion to  the  rails  is  sufficient  to  enable  the  motors  to  exert 
their  normal  tractive  effort.  If  the  locomotive  is  too  light, 
the  wheels  will  slip  when  an  attempt  is  made  to  start  or  to 
pull  up  a  grade  a  load  which  otherwise  would  be  within  the 
capacity  of  the  equipment.  The  maximum  tractive  effort  of 
the  locomotive  is  limited  by  its  weight  and  is  not  determined 
wholly  by  the  torque  of  its  motors.  The  locomotive  should 
not,  however,  be  too  heavy  for  its  motors ;  if  the  weight  on 
,„the  drivers  is  excessive,  the  motors  will  be  overloaded  before 
the  drivers  will  slip.  Therefore  the  weight  of  the  locomotive 
should  be  properly  proportioned  in  relation  to  the  power  of 
the  motors  and  the  service  conditions,  so  that  the  driving 
wheels  will  slip  if  an  effort  is  made  to  draw  an  excessive  load. 
With  this  relation,  the  motors  are  automatically  protected 
from  excessive  overload  in  starting.  From  this,  it  is  obvious 
that  a  careful  study  must  be  made  of  the  grade  and  traffic 
conditions,  in  order  to  select  the   most   suitable   locomotive. 

The  Railroad's  Tonnage  Records. — Every  railroad  keeps  a 
record  of  the  tonnage  hauled  and  the  number  of  trains  oper- 
ated. The  tonnage  and  the  number  of  trains  vary  from  day 
to  day.  Therefore,  in  considering  electrification,  the  records 
of  the  existing  steam  operation  must  be  studied  carefully 
so  as  to  ascertain  both  the  maximum  and  the  average  day. 
The  characteristics  of  the  steam  locomotive  should  also  be 
studied  to  get  an  idea  of  the  power  required  to  handle  the 
tonnage  trains. 

The  maximum  day  is  the  24  hours  during  which  the  maxi- 
mum tonnage  is  hauled  and  the  greatest  number  of  trains 
are  operated.  The  average  day  is  the  schedule  and  the  ton- 
nage which  would  represent  the  average  business  handled  by 
the  railroad  over  a  long  period — several  months  or  possibly 
a  year  or  more.  The  data  for  the  maximum  day  is  necessary 
in  order  to  determine  the  total  number  of  locomotives  re- 
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quired,  and  also  the  total  power  required.  It  is  this  data,  also, 
from  which  the  capacity  of  the  power  house  and  location  of 
the  substations  would  be  determined.  From  the  average  day 
the  average  results  can  be  calculated  and  an  estimate  made 
of  the  power  that  will  be  required  over  a  given  period. 

On  nearly  every  railroad  the  business  is  increasing  con- 
stantly. A  curve  showing  the  growth  can  be  plotted  from  the 
data  available  and  an  estimate  of  the  freight  and  passenger 
business  to  be  handled  in  the  near  future  can  be  obtained  by 
extending  the  curve.  The  maximum  day  can  also  be  obtained 
in  the  same  way,  as  generally  there  is  a  direct  relation  exist- 
ing between  the  maximum  day  and  the  average  day.  It  may 
be  iiecessary  to  vary  this  procedure,  as  it  is  difficult  to  lay 
down  any  fixed  rules  for  determining  the  maximum  and  aver- 
age day,  inasmuch  as  each  railroad  problem  generally  is  dif- 
ferent from  every  other  one.  Many  times  assumptions  must 
be  made  and,  naturally,  a  close  study  of  the  conditions  exist- 
ing on  a  given  railroad  will  permit  conclusions  nearer  to 
actual  than  could  be  obtained  from  assuming  certain  specific 
general  conditions.  It  is  always  advisable  to  confer  with  the 
railroad  officers,  regarding  the  effect  that  improvements  in 
operation,  which  will  be  secured  by  electric  traction,  will  have 
on  the  schedule,  tonnage  hauled,  etc. 

The  Train  Sheet. — The  maximum  as  well  as  the  average 
day  is  represented  by  a  diagram  known  as  the  "train  sheet". 
The  train  sheet,  with  time  as  a  base  and  distance  as  the  or- 
dinate, shows  graphically  the  service  handled  over  the  rail- 
road. For  example,  assume  that  the  train  sheet  shown  in 
Fig.  143  represents  part  of  the  operation  for  the  average  day, 
with  electric  locomotives,  on  the  railroad  under  considera- 
tion. The  train  sheet  for  steam  operation  for  an  average 
day  would  be  similar,  so  that  this  particular  sheet  could  repre- 
sent steam  operation,  providing  the  steam  locomotive  was 
capable  of  exerting  the  same  draw-bar  pull  at  the  same  speed 
as  the  electric  locomotive  chosen  for  the  service. 

In  this  train  sheet  the  distance  between  the  terminals  of 
the  division  under  consideration  is  100  miles.  Between  the 
terminals  A  and  E,  are  intermediate  points,  B,  C,  and  D,  where 
some  of  the  through  freight  trains  stop ;  local  freight  trains 
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also  stop  at  these  points  and  at  the  additional  points,  m,  n,  p, 
s  and  t. 

The  Profile. — Before  the  train  sheet  can  be  plotted  for  elec- 
tric operation,  the  profile  of  the  railroad  must  be  known  and 
the  characteristic  curves  of  the  electric  locomotive  chosen 
must  be  available.  The  profile  used  is  not  the  actual  profile  of 
the  road,  but  is  the  average  grade  profile.  To  explain:  over 
a  distance  of  100  miles,  there  would  be,  normally,  a  multitude 
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Fig.  143 — Example  of  a  Train  Sheet. 

of  grades  and  curves  of  short  distance.  The  use  of  the  train 
sheet  is  such  that  it  is  not  necessary  to  consider  every  grade 
but  only  the  average  grades.  A  study  of  the  profile  will  show 
that  it  can  be  divided  into  a  few  ruling  or  average  grades. 
Although  there  may  be  many  grades  between  two  points, 
there  is  an  average  grade  between  these  two  points ;  this 
average  grade  is  used  in  constructing  the  train  sheet.  The 
average  grade  of  a  section  of  track  connecting  two  points  is 
the  ratio  of  the  difference  in  elevation  of  these  two  points 
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and  their  distance  apart,  measured  in  the  same  unit;  usually 
this  is  expressed  in  per  cent.  There  may,  however,  be  a  sharp 
grade  of  sufficient  length  to  determine  or  at  least  influence 
the  choice  of  the  electric  locomotive.  If  so,  this  grade  should 
be  used  separately,  not  averaged  with  the  other  grades. 

A  very  convenient  arrangement,  is  to  draw  the  average 
profile  to  the  left  of  the  train  sheet,  using  as  the  base  the  dis- 
tance as  in  F"ig.  143.  With  the  profile  so  located,  it  can  be 
seen  at  a  glance  just  where  any  train  is  at  any  time  and  it 
also  aids  in  the  drawing  of  the  train  sheet.  For  the  purposes 
of  this  problem,  the  average  profile  shown  at  the  left  of  Fig. 
143  is  assumed. 

Characteristic  Curves  of  Locomotive. — Having  drawn  the 
average  profile,  other  data  required  are  the  characteristic 
curves  of  the  electric  locomotive,  chosen  for  the  service.  As- 
sume that  the  railroad  has  both  freight  and  passenger  ser- 
vice, but  that,  as  there  are  only  a  few  passenger  trains,  the 
freight  locomotive  can  be  also  used  for  passenger  service.  On 
a  railroad  where  the  service  required  a  passenger  locomo- 
tive an  additional  set  of  characteristic  curves  would  be  nec- 
essary. These  would  be  referred  to  when  considering  pas- 
senger train  operation. 

From  the  study  of  the  operating  conditions  a  wide  varia- 
tion is  found  in  the  size  of  the  freight  trains  handled  by  steam. 
The  through  freight  business  is  heavy  and  the  traffic  handled 
could  be  increased  greatly  with  electric  operation,  providing 
trains  of  3000  tons  were  made  up.  The  local  service  is  much 
lighter  and  would  not  exceed  1500  tons.  It,  therefore,  would 
be  most  economical  to  select  a  locomotive  capable  of  handling 
the  1500-ton  train  and  then  use  two  such  locomotives  on  the 
3000-ton  train. 

A  1500-ton  train  operating  on  a  profile,  which  has  a  maxi- 
mum grade  of  1  per  cent,  would  require  a  draw-bar  pull  when 
running  on  the  grade  of  15C0  (20  +  6)  ==  39,000  lb.— the  20 
lb.  represents  the  1  per  cent  grade  resistance  and  the  6  lb. 
the  train  resistance.  Since  the  1  per  cent  grade  is  of  con- 
siderable length,  it  might  sometimes  be  necessary  to  start  the 
train  on  this  grade  so  that  the  locomotive  must  have  suffi- 
cient  weight  to   give   the    necessary   adhesion   and   adequate 
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motor  capacity  to  meet  this  condition.  The  starting  of  a 
1500-train  on  the  1  per  cent  grade  at  an  acceleration  rate  of 
0.1  m.p.h.p.s.  requires  10  lb.  per  ton  additional  to  the  grade 
and  train  resistance.  The  total  draw-bar  pull  required  then 
will  be  39,000  +  15,000,  or  54,000  lb.  The  tractive  effort  re- 
quired of  the  motors  will  be  greater  than  the  draw-bar  pull 
by  an  amount  equal  to  that  required  to  accelerate  and  to 
move  the  locomotive  itself  up  the  grade.  With  this  infor- 
mation and  assuming  a  factor  of  adhesion  of  4,  it  is  found 
that  a  locomotive  weighing  150  tons,  with  the  total  weight 
on  drivers,  will  be  satisfactory.  The  total  tractive  effort 
required  will  then  be  54,000  +  150  (20  +  15  +  10)  =  54,000 
4-  6,750  =  60,750  lb. 

The  size  and  the  weight  of  the  locomotive  to  handle  the 
1,500-ton  trains  has  now  been  determined,  but,  as  already 
mentioned,  3,000-ton  trains  would  be  most  economical  for 
through  freight  service.  This  size  of  train  could  be  handled 
by  two  locomotives  operating  in  multiple  by  the  multiple 
unit  system,  as  easily  and  as  readily  as  the  1,500-ton  train 
with  one  locomotive. 

System  of  Operation. — Up  to  this  point  no  mention  has 
been  made  of  the  system  to  be  used  in  the  electrification  prob- 
lem under  consideration.  There  are  several  systems  to  choose 
from:  the  600-volt  direct-current;  the  1200-1500  volt  direct- 
current;  the  2400-3000  volt  direct-current;  the  11,000  volt 
single-phase;  and  the  11,000  volt  split-phase. 

The  600-volt  direct-current  system  would  not  be  suitable 
on  account  of  the  low  voltage.  The  systems  which  would  be 
seriously  considered  are  the  2,400-3,000  volt  direct-current, 
the  11,000  volt  single-phase  and  the  11,000  volt  split-phase. 

To  determine  the  most  economical  operation,  each  system 
must  be  applied  to  the  problem  and  complete  data  worked  out 
for  each.  Costs,  power  consumption,  estimates  of  mainten- 
ance costs,  etc.,  must  be  obtained  and  all  worked  down  to 
the  percentage  return  on  the  net  investment.  Of  the  three 
systems,  the  locomotives  used  in  two  of  them  have  the  vari- 
able speed  characteristics  and  the  third,  constant  speed.  The 
direct  current  and  the  11,000- volt  single-phase  are  variable 
speed,  i.  e.,  the  speed  decreases  when  the  load  increases  and 
vice  versa.    The  split-phase  locomotives  are  equipped  with  the 
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three-phase  induction  motors  and  operate  at  a  constant  speed 
regardless  of  the  grade  and  load. 

To  illustrate  how  the  train  sheet  is  constructed,  assume 
that  the  system  to  be  used  is  3,000  volts  direct  current.  With 
the  variable  speed  locomotive,  used  with  this  system,  different 
speeds  are  obtained  on  different  grades  and  it  is,  therefore, 
more  difficult  to  construct  the  train  sheet  for  a  direct  current 
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Fig.  144 — Characteristic  Curves  of  an  Electric  Locomotive. 


system  that  it  would  be  for  a  system  using  a  constant  speed 
locomotive. 

To  construct  the  train  sheet,  the  characteristic  curves  of 
the  3,000-volt  150-ton  locomotive  must  be  available.  These 
curves  are  shown  by  Fig.  144.  Fig.  143,  is  only  a  part  of  the 
train  sheet,  as  all  trains  for  a  period  of  24  hours  are  not  shown 
— only  trains  operating  from  6  a.m.  to  2  p.m. 

At  6  a.m.  a  through  freight  train  of  3,000  tons  leaves  ter- 
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TABLE  VIII— DATA  FOR  LOAD  CURVE 
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minal  A  and  also  one  from  terminal  E.  First  consider  the 
train  leaving  A.  A  0.5  per  cent  grade  is  first  encountered; 
the  tractive  effort  required  by  this  grade  is  3,000  (10  -f-  6) 
=:  48,000,  to  which  must  be  added  the  locomotive  tractive  ef- 
fort, which  is  300  (10  +  15)  =  7,500  making  a  total  of  55,000 
lb.  Two  locomotives  are  used  on  the  3,000-ton  trains,  so  that 
the  tractive  effort  per  locomotive  is  27,750  lb.  Referring  to 
the  locomotive  characteristic  curves,  the  speed  and  current 
corresponding  to  27,750  lb.  tractive  effort  are  19  m.p.h.  and 
345  amperes  respectively.  The  total  of  345  amperes  is  for  one 
locomotive  only  so  that  the  current  taken  from  the  line  for 
operating  the  3000-ton  train  would  be  690  amperes.  The 
length  of  the  0.5  per  cent  grade  is  10  miles,  so  that  the  time 

consumed  to  in-  would  be  —  of  60,  or  32  minutes,  approxi- 
mately. A  line  drawn  from  6  a.m. — Sta.  A — to  6:32  a.m. — 
Sta.  m — represents  the  train  running  over  this  grade.  While 
working  out  the  train  sheet  a  tabulation  should  be  made  of 
the  power  consumed  for  the  different  trains  operating  over 
the  /various  grades,  as  this  information  is  required  when 
drawing  the  load  curve  on  the  power  house.  The  tabulation 
is  shown  in  Table  VIII. 

From  Station  w  the  freight  train  will  operate  against  a  0.3 
per  cent  grade.  Following  the  same  procedure  as  on  the  0.5 
per  cent  grade,  the  tractive  effort  required  will  be  3000  (6  -j-  6) 
-f  300  (6  4-  15)  =  36,000  +  6,300  =  42,300  lb.  Referring  to 
the  locomotive  curve,  the  speed  and  current  corresponding 
to  a  tractive  effort  per  locomotive  of  21,150 — one-half  of  42,- 
300 — are  21.5  m.p.h.  and  285  amperes.  The  total  current 
for  the  train  would  be  twice  285  or  570  amperes.  The  length 
of  the  0.3  grade  is  15  miles,  so  that  the  time  required  to  reach 

the  end  of  the  grade  would  be  X  60  =  42  minutes.    It  is 

21.5 

assumed,  however,  that  the  through  freight  trains  are  required 
to  stop  at  Station  B  for  a  short  period — an  average  of  15 
minutes.    The  time  to  reach  B  would  be  28  minutes,  or  clock 
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time  of  7  a.m.  The  train  will  leave  B  at  7:15  a.m.  and  reach 
the  end  of  the  grade  14  minutes  later,  or  at  7:29  a.  m. 

On  the  1.0  per  cent  grade  the  tractive  effort  needed  will  be 
3,000  (20  +  6)  +  300  (20  +  15)  =  78,000  +  10,500  =  88,500  lb. 
The  speed  and  the  current  corresponding  to  this  tractive  ef- 
fort are  16.5  m.p.h.  and  495  amperes  per  locomotive,  or  990  for 

5 
the  train.    The  time  required  on  the  grade  will  be  — -—  X  60  = 

16.5 

18  minutes — approximately. 

On  the  level  stretch  the  locomotives  have  only  to  overcome 
train  resistance.  The  tractive  effort  will  be  (3,000  X  6)  +  (300 
X  15)  =  18,000  +  4,500  =  22,500  lb.  The  speed  corresponding 
to  11,250  lb. — the  tractive  effort  per  locomotive — will  be — 
referring  to  the  locomotive  curves — 26.5  m.p.h.  and  the  cur- 
rent for  the  train  will  be  370  amperes — 185  amperes  per  loco- 
motive.    The  time   required  to  reach  the  end   of  the   level 

10 

stretch  of  ten  miles  will  be  X  60  =  23  minutes — approxi- 

26.5 

mately. 

The  time  required  on  the  other  grades  is  obtained  in  the 
same  way  and  is  tabulated  with  the  ,data  in  Table  VIII. 
In  the  case  of  the  train  running  east,  the  maximum  allowable 
speed  down  the  0.75  per  cent  and  0.9  per  cent  grades  is  25 
miles  per  hour.  On  the  0.1  per  cent  grade  the  train  resis- 
tance is  greater  than  the  force  acting  to  pull  the  train  down 
hill  on  account  of  the  grade.     The  downward  pull  in  lb.  per 

ton  is  —  of  20  =  2  lb.  The  train  resistance  of  the  trailing  load 
10 

is  6  lb.  and  of  the  locomotives  15  lb. ;  the  total  tractive  effort  is 
3,000  (6  —  2)  +  300  (15  —  2)  =  12,000  -f  3,900  =  15,900  lb. 
The  corresponding  speed  is  30  miles  per  hour.  The  total  cur- 
rent is  (2  X  145)  =  290  amperes. 

The  data — Table  VIII — are  plotted,  completing  the  run  of  the 
3,000-ton  freight  train  to  Station  E.  A  longer  stop  is  made 
at  C  than  at  B  and  D.  Assuming  that  a  3,000-ton  freight  train 
is  despatched  east  every  two  hours,  there  would  then  be  a 
series  of  lines  exact  duplicates  of  the  line,  abed,  but  two  hours 
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apart;  these  lines  have  been  drawn  in  on  the  chart.  Also 
assume  that  the  freight  traffic  west  is  made  up  of  3,000-ton 
trains  despatched  every  2^  hours.  The  data  for  the  plotting  of 
the  lines,  representing  the  trains  operating  west,  is  obtained  as 
explained  for  eastbound  trains  and  is  tabulated  in  Table  VIII. 
The  first  train  line  between  the  Stations  E  and  A  is  that  of 
the  freight  train  leaving  E  at  7:30  a.m.  and  all  of  the  other 
train  lines  are  parallel  to  it,  and  2^  hours  apart. 

If  the  train  was  operated  westward  down  the  0.2  per  cent 
and  0.3  per  cent  grades  with  the  controller  full-on  the  speed 
would  be  over  30  m.p.h.,  which  is  excessive.  On  the  other 
hand,  the  grades  are  not  steep  enough  to  cause  the  train  to 
roll  down  hill  without  power.  Operating  with  the  motors  in 
series  gives  a  satisfactory  speed  for  the  grades  and  the  sharp 
curves  which  exist  on  this  part  of  the  division.  The  speed 
curve,  with  the  motors  in  series,  is  shown  by  the  dotted  curve 
and  the  current  required  will  be  one-half  of  that  required 
when  the  motors  are  in  parallel.  The  speeds,  etc.,  for  the 
train  operating  down  these  grades  in  series  are  included  in  the 
data  in  Table  VIII. 

Assume  that  between  6  a.m.  and  2  p.m.  there  are  two 
through  passenger  trains  each  way,  each  train  having  a  total 
weight  of  800  tons  and  making  no  stops.  The  lines  represent- 
ing these  trains  are  drawn  in  by  exactly  the  same  method  as 
in  the  case  of  the  through  freight  trains  described  in  the  pre- 
ceding paragraphs.  One  locomotive  only  is  required  for  these 
trains.  The  data  is  tabulated  in  Table  VIII.  On  the  steep  down 
grades  a  higher  speed  is  permissible  with  these  lighter 
trains. 

From  the  train  sheet  the  "Load  Chart"  can  be  drawn.  The 
train  sheet  as  shown  is  not  complete  ;  there  should  be  includ- 
ed local  passenger  and  local  freight  trains.  These  have  been 
left  out  purposely,  so  as  not  to  cause  confusion  which  might 
exist  with  a  great  many  train  lines.  The  lines  for  the  local 
passenger  and  local  freight  trains  would  be  plotted  in  the 
same  way  and  from  similar  data.  They  would  not  affect,  in 
principle,  the  drawing  of  the  "Load  Curve".  The  construction 
of  the  "Load  Chart"  is  described  in  the  next  chapter. 
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CHAPTER  XXIX 
AN  ELECTRIFICATION  PROBLEM— II 

Important  factors  entering  into  an  electrification  problem 
are  the  amount  of  electric  power  that  will  be  required  to 
operate  the  electrified  section  and  the  location  of  substations. 
To  determine  the  capacity  of  the  power  house  required  to 
provide  for  the  handling  of  this  service,  or  to  know  very 
closely  the  power  requirements,  or  load,  it  is  necessary  to 
draw  what  is  known  as  the  "load  curve".  This  curve  shows 
the  power  required  to  operate  trains  of  the  weight  specified 
and  running  on  the  schedule  as  covered  by  the  train  sheet ; 
this  sheet  serves  as  a  continuous  representation  of  the  power 
required. 

The  Load  Curve. — To  construct  the  load  curve,  reference 
is  made  to  the  train  sheet.  Fig.  143  and  data  Table  VIII. 
With  the  few  trains  on  this  particular  train  sheet,  it  would 
easily  be  possible  to  plot  the  complete  load  diagram  in  one 
operation.  However,  with  a  large  number  of  trains  such  a 
method  would  be  extremely  difficult ;  it  is  more  convenient 
to  plot  first  the  power  requirements  for  the  trains  running 
in  one  direction  only,  and  then  for  the  trains  in  the  other 
direction.  The  sum  of  these  two  curves  will  give  the  total 
load  demanded  of  the  power  house.  Since  this  would  be  the 
best  procedure  to  follow  in  a  regular  problem,  in  this  as- 
sumed problem  the  load  diagram  for  the  trains  running  east 
will  be  plotted  first. 

The  chart  showing  the  load  curve  is  laid  out  with  "time" 
as  the  base  and  "kilowatts"  as  the  ordinate — see  Fig.  145. 

Referring  to  the  train  sheet.  Fig.  143,  at  6  a.m.,  running 
east,  there  is  a  through  freight  on  the  0.5  per  cent  grade, 
another  on  the  level,  and  another  running  down  the  0.1  per 
cent  grade.    Reference  to  Table  VIII  shows  these  trains  to  be 
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taking  2070  kw.,  1110  kw.  and  870  kw.  respectively.  The 
total  kw.  at  6  a.m.  for  trains  running-  east  is  then  2070  + 
1110  +  870  rr  4050  kw.  This  total  kw.  is  plotted  on  the  load 
chart — Fig.  147.  The  load,  for  trains  running  east,  will  re- 
main constant  until  one  of  the  trains  changes  its  rate  of 
speed,  stops,  or  encounters  a  different  grade.    In  plotting  the 


v.OOO 


«S  3,000 


15  504S  -,  15  i0  45  „  15  304S  a  15  JO  AS ,.15  50  45 ,,  15 30 4S ,^15  30 45  ,  IS 30  45 


II 


r 


i  M.  Trme 

Fig.  147 — Example  of  a  Load  Curve — Trains  Eastbound. 
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"load  chart"  it  will  be  found  very  useful  to  use  a  ruler  on  the 
train  sheet — moving  this  ruler  along  with  time  as  a  base,  and 
noting  the  exact  time  when  a  change  takes  place.  Applying 
this  suggestion  to  the  train  sheet,  Fig.  143,  it  is  found  that 
the  train  operating  down  the  0.1  per  cent  grade  stops  at 
6:03  a.m.;  the  other  trains  remain  the  same.  The  total  kw. 
will  then  drop  to  2070  +  1110  =  3180  kw.  The  next  change 
that  occurs  is  at  6:09  a.m.  At  this  time  the  train  operating 
on  the  level  starts  up  the  0.2  per  cent  grade,  and  requires  1500 
kw.  instead  of  1110  kw. — from  Table  VIII.  The  total  will  then 
be  3180  +  390  =  3570  kw.,  and  will  be  constant  until  6:18 
a.m.,  at  which  time  the  train  at  Station  D  starts  up,  requir- 
ing 870  kw.  additional.  The  total  kw.  will  then  be  4440  and 
will  remain  constant  until  6:21  a.m.  The  train  on  the  0.2  per 
cent  grade  stops  and  reduces  the  kw.  by  1500,  leaving  2940 
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until  6:33  a.m.  This  method  is  carried  out  across  the  whole 
train  sheet,  and  a  load  curve  for  eastbound  trains  is  obtained, 
as  shown  in  Fig.  147. 

The  same  procedure  is  followed  for  the  westbound  trains, 
commencing  at  6  a.m.,  and  a  load  curve  is  obtained  as  shown 
by  Fig.  145.  The  total  load  curve  would  be  the  sum  of  these 
two — the  eastbound  and  westbound  load  curves — and  is  shown 
in  Fig.  146. 

A  study  of  the  load  curve  shows  that  the  maximum  load 
of  8300  kw.  is  at  8  a.m.,  and  has  a  duration  of  three  minutes. 
The  next  highest  point,  of  longer  duration,  is  8150  kw.  and 
exists  from  8:51  to  9  a.m.,  or  9  minutes. 

The  maximum  load  demand  of  the  power  house  would  be 
greater  than  the  maximum  demand  as  shown  on  the  load 
chart,  as  the  losses  have  not  been  considered.  The  load  dia- 
gram represents  the  actual  load  at  the  locomotives,  and  does 
not  consider  the  losses  due  to  transmission  or  in  the  sub- 
stations ;  for  safe  calculation,  a  total  efficiency  of  80  per  cent 
would  be  reasonable.  The  power  house  should,  therefore, 
have  sufficient  capacity  not  only  to  supply  the  load  required 
by  the  locomotives,  but  to  provide  for  the  losses  as  well.  In 
this  case,  the  maximum  load  of  8300  kw.  would  call  for  ap- 
proximately 10,000  kw.  as  the  total  capacity  which  should  be 
provided  at  the  power  house. 

On  this  chart,  the  load  diagram  is  particularly  irregular ; 
the  kilowatt  load  may  vary  from  one  three-minute  interval  to 
the  next  by  as  much  as  50  per  cent.  This  variation,  is  exces- 
sive, but  it  must  be  borne  in  mind  that  the  train  sheet,  from 
which  the  load  chart  was  constructed,  was  based  on  assumed 
data,  and  only  a  few  of  the  trains  were  shown ;  only  enough 
to  illustrate  the  method  and  not  enough  to  cause  confusion 
of  lines ;  with  more  trains  operating,  the  variations  will  be 
less,  and  the  load  curve  much  smoother.  However,  there  will 
usually  be  variations  in  the  load  as  the  number  of  kilowatts 
taken  by  each  unit  hauling  a  train  up  the  grade  is  of  consider- 
able magnitude.  Conditions  are  different  from  those  which 
exist  on  a  large  railway  property  where  a  large  number  of 
small  car  units  are  operating.  In  this  latter  case,  the  varia- 
tions from  minute  to  minute  cannot  be  detected,  as  the  change 
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due  to  any  one  unit  is  almost  negligible  as  compared  to  the 
total  load. 

Substations. — In  order  to  make  these  calculations  complete, 
the  location  of  substations  for  this  electrification  must  be  con- 
sidered. The  substations  must  be  sufficient  in  number  and 
capacity  to  handle  the  service  as  covered  by  the  train  sheet, 
and  must  be  spaced  so  as  to  provide  suitable  voltage  to  the 
locomotives  at  all  points  along  the  line. 

With  a  given  load  condition  the  voltage  at  the  locomotives 
is  dependent  on  the  distance  between  substations  and  on  the 
size  of  the  copper  trolley  and  feeder  wires.  The  layout  of 
the  distribution  system  is  an  important  factor  and  requires 
careful  thought  and  study.  The  substations  should  be  of  such 
a  number  and  so  placed  as  to  give  the  most  economical  dis- 
tribution with  the  lowest  capital  outlay.  If  the  substations 
are  placed  too  far  apart,  and  the  feeders  are  too  small,  the 
interest  on  the  capital  cost  for  substations  and  the  copper 
feeders  will  be  low,  but  the  cost  of  the  power  lost  in  the  dis- 
tribution will  be  high,  so  that  the  sum  of  the  two  may  easily 
be  greater  than  if  more  substations  and  heavier  feeders  had 
been  installed.  The  sum  of  the  interest  on  the  capital  cost, 
and  the  cost  of  power  lost  in  distribution  should  be  a  minimum. 

It  is  not  the  purpose  of  this  chapter  to  go  into  great  detail 
but  simply  to  point  out  a  procedure  that  can  be  applied  to 
any  electrification  problem  to  obtain  fairly  accurate  substation 
locations  and  feeder, capacities. 

Locating  the  Substations. — -The  problem  of  locating  the 
substations  can  be  considered  in  two  different  ways :  As- 
sume substation  locations  and  determine  the  correct  size  of 
the  trolley  and  feeder,  or  assume  definite  feeder  sizes  and 
then  determine  substation  locations,  to  work  with  these 
feeders.  These  assumptions  are  not  based  on  any  definite 
location  of  the  central  power  house;  assume  that  power  can 
be  purchased  at  any  location  along  the  line,  or  that  the  power 
house  is  so  located  that  transmission  lines  can  be  run  to  any 
point  which  may  be  desirable  for  the  transmission  of  power 
at  high  voltage. 

Consider  the  first  method:  For  a  trolley  voltage  of  3,000 
volts  direct  current,  the  sub-stations  can  be  placed  from  30  to 
35    miles    apart   and    satisfactory   voltage    obtained    with    an 
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economical  arrangement  of  feeders — this  is  the  approximate 
distance  between  substations  on  the  electrified  section  of  the 
Chicago,  Milwaukee  &  St.  Paul.  From  experience  gained  in 
the  layout  and  operation  of  electric  railway  systems,  it  has 
been  found  that  the  distance  from  the  end  substation  to  the 
end  of  the  line  should  be  approximately  one-third  of  the  dis- 
tance between  substations  in  order  to  get  uniform  voltage 
regulation ;  provided  that  the  sizes  of  the  trolley  and  feeder 
cables  remain  the  same  throughout  the  entire  length  of 
the  line. 

Size  of  Trolley  and  Feeders. — In  addition  to  the  voltage 
drop  in  the  trolley  wire  and  feeders — or  in  the  third  rail  if 
such  a  system  were  under  consideration — there  is  a  "rail 
drop"  on  account  of  the  running  rails  being  used  as  a  return 
circuit.  The  size  of  the  track  is  determined  by  physical  con- 
ditions, not  electrical,  so  that  it  is  only  necessary  to  know  the 
value  of  thql  resistance  of  the  various  sizes  of  rails,  from 
which  the  voltage  drop  can  be  calculated  and  allowed  for  in 
determining  the  size  which  will  be  required  for  trolley  wire 
and  feeders. 

The  resistance  of  steel  rails  varies,  depending  upon  the  im- 
purities in  the  iron ;  in  general  this  resistance  amounts  to  ten 
times  that  of  an  equal  section  of  copper.  Rails  must  be  bonded 
at  the  joints  and  the  use  of  these  bonds  adds  a  slight  resistance 
to  the  track  so  that  for  general  use  a  resistance  of  eleven 
times  that  of  copper  is  taken.  On  this  basis  the  volts-drop- 
per-mile per  100  amperes  for  a  single  track — -lOO-lb.  rails — is 
2.5  volts.  This  value  of  2.5  volts  is  known  as  the  "unit  drop" ; 
it  is  very  convenient  to  work  out  a  problem  using  the  "unit 
drop"  rather  than  to  figure  resistances,  etc.,  as  will  be  seen 
from  the  following  discussion  : 

Solution  of  Assumed  Problem. — The  railroad  under  con- 
sideration is  single-track,  100  miles  long;  with  substations  30 
to  35  miles  apart,  there  will  be  required  at  least  three  sub- 
stations. If  one  substation  is  placed  at  the  middle  of  the  line 
and  one  at  either  side,  thirty-five  miles  away,  the  distance 
from  the  nearest  substation  to  the  terminals  A  and  E — see 
train  sheet  Fig.  143 — would  be  15  miles;  with  this  spacing 
there  would  be  satisfactory  voltage  regulation.  Having  defin- 
itely located  the  substations  the  problem  is  to  determine  the 
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size  of  the  trolley  wire  and  feeders.  Generally  the  size  of  the 
trolley  wire  is  determined  by  mechanical  conditions  and  by  the 
design  of  overhead  construction  so  that  the  problem  narrows 
down  to  the  size  of  the  feeder  wires. 

Maximum  Load  Condition. — The  worst  condition,  as  regards 
load  and  voltage  drop,  is  when  trains  are  bunched  midway 
between  two  adjacent  substations ;  reference  to  the  train  sheet 
will  show  this  maximum  condition.  It  will  be  noted  that  be- 
tween stations  B  and  N,  from  11 :20  a.m.  to  12:00  noon,  that 
there  are  four  trains,  two  freight  trains  and  two  passenger. 
The  train  sheet  was  drawn  to  show  the  method  of  construct- 
ing it,  and,  to  avoid  complication  and  confusion,  did  not  go 
into  the  detail  of  arranging  the  leaving  time  of  trains,  or  the 
slowing-up  of  trains  in  certain  sections,  so  as  to  have  the 
trains  meet  at  the  sidings  which  exist  along  this  single-track 
railroad.  A  convenient  distance  apart  for  sidings  is  five 
miles  so  that  it  easily  is  possible  for  the  four  trains  to  be 
bunched  at  two  sidings  five  miles  apart.    Assume  that  there  is 
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West  Bound  Frf.  Starting  0500  K.W) 

Jotaf    1920  K.W. 
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East  Bound  Frt  Starting  (5500  K.W.) 
West  Bound  Pass.  Running  (      0  K.W.) 
lota  I    5500  K.W. 
Fig.  148 — Relative  Location  of   Substations  and  Trains. 

a  siding  2^  miles  west  of  station  N  and  another  siding  5  miles 
further  west ;  the  four  trains  will  be  bunched  as  follows :  At 
the  first  siding  a  westbound  freight  starting  and  an  eastbound 
passenger  running — the  freight  train  has  pulled  into  the 
siding  to  allow  the  passenger  train  to  pass.  At  the  second  sid- 
ing an  eastbound  freight  is  starting  and  a  westbound  pas- 
senger running. 

Location  of  Trains. — The  relative  location  of  the  substations 
and   the   trains,   as   outlined   in,  the   preceding  paragraph,    is 
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shown  graphically  by  Fig.  148.  Referring  to  this  graphic 
chart,  the  kilowatts  (kw.)  shown  in  brackets  after  each  train 
is  obtained  by  reference  to  Table  VIII,  "Data  for  Load  Curve". 
The  eastbound  train  at  turnout,  W,  is  running  on  the  level  and 
is  taking  420  kw.  from  the  line.  The  westbound  freight  is 
also  on  level  track.  According  to  the  table,  1,100  kw.  is  re- 
quired, but  this  value  does  not  take  into  account  the  extra 
power  required  to  accelerate  the  train  when  starting ;  the  fig- 
ure has,  therefore,  been  increased  to  1,500  kw.  The  eastbound 
freight  train  at  turnout,  Y,  is  located  on  a  1  per  cent  grade. 
Allowing  for  the  necessary  accelerating  current  there  will  be 
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Terms  of  Amperes. 


required  3,500  kw.  The  westbound  passenger  train  is  passing 
down  the  1  per  cent  grade  and  therefore  does  not  consume  any 
power. 

Summing  up:  1,920  kw.  will  be  required  at  turnout  W,  and 
3,500  kw.  at  turnout.  Y.  With  3,000  volts  on  the  trolley  the 
respective  currents  in  amperes  will  be : 

1,920,000 

z=  640  amperes, 

3,000 

and 

3,500,000 

■ =  1,167  amperes. 

3.000  ^ 

Direction  of  Current  Path. — The  next  step  is  to  determine 
how  the  current  divides  between  the  two  substations.  Fig. 
149,  shows  graphically  the  substation  locations  and  the  points 
of  load  in  terms  of  amperes.  There  are  two  trains  at  Y  and 
two  trains  at  W,  but,  assume  for  the  moment,  that  there  is 
only  one  load  of  1.167  amperes  at  Y.  Then  with  the  same  size 
trolley  wire  and  feeder  throughout,  the  current  would  divide 
between  the  two  substations  inversely  as  the  distances  of  the 
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substations  from  Y.     In  order  words,  the  current  from  sub- 
station No.  1  would  be  : — 

22.5 
of  1,167  or  750  amperes 

and  from  substation  No.  2  would  be 
12.5 


35 


f  1,167  or  417  amperes. 


Returning  to  the  problem :  With  640  amperes  taken  off  at 
W,  assume  that  the  current  in  the  five-mile  section  would 
come  from  the  substation  shown  as  No.  2.  Since  the  strength 
of  this  current  is  not  known,  it  may  be  designated  as  X.  The 
arrows  show  the  direction  of  the  flow  of  current.  Assuming 
that  the  X-current  is  flowing  from  the  No.  2  substation  the 
other  currents  can  also  be  expressed  in  terms  of  X.  The  cur- 
rent from  substation  No.  2  will  be  (640  -|-  X)  amperes,  and 
the  current  from  substation  No.  1  will  be  (1,167  —  X)  amperes. 

If  the  value  of  X  can  be  determined,  then  the  distribution  of 
current  between  the  two  substations  can  also  be  determined. 
Since  two  different  voltages  cannot  exist  at  Y,  at  the  same 
time,  voltage  drops  from  either  substation  to  point  Y  are  the 
same  when  each  substation  is  operating  at  the  same  bus  bar 
voltage.  With  uniform  arrangement  of  track  and  feeder  the 
resistance,  per  mile,  of  the  trolley  wire  and  feeder  and  track 
will  be  the  same,  so  that  for  determining  the  value  of  X,  dis- 
tances can  be  used  instead  of  resistances.  The  voltage  drop, 
then,  from  substation  No.  1  to  Y  is  proportional  to  12i/2  (1,167 
—  X) — miles  X  amperes — and  the  voltage  drop  from  substa- 
tion No.  2  is  171^  (640  -L-  X)  -f  5  X.  These  two  voltage  drops 
must  be  equal,  therefore  12^^  (1,167  —  X)  =  173^  (640  -f  X) 
-f  5  X,  and 

14587.5  —  12.5  X  =  11200  -f  17.5  X  +  5  X 
35  X  =r  3387.5 

X  =  96.8  amperes 
or  for  practical  use.  X  =r:  97  amperes. 

The  assumption  as  to  the  flow  of  current  in  the  five-mile 
section  was  correct.  However,  if  the  assumption  was  incor- 
rect it  would  not  seriously  affect  the  solution  of  the  problem ; 
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in  this  case  the  value  would  come  out  as  negative  and  would 
indicate  that  the  assumption  was  incorrect  and  it  could  be 
changed  accordingly.    To  illustrate  how  this  would  affect  the 
working  out  of  the  problem,  assume  that  the  current,  X,  was 
flowing  opposite  to  that  shown  in  Fig.  149.    Then : 
YZy^  (1167  +  X)  +  5  X  =  \7y2  (640  —  X) 
14587.5  +  12.5  X  +  5  X  =  11200  —  173^  X 
35  X  =  —3387.5 

X  =  — 97  amperes. 

The  negative  sign  shows  that  97  amperes  are  flowing  oppo- 
site to  the  last  assumption  in  the  direction  originally  assumed. 

Determining  Size  of  Feeders. — In  order  to  determine  the 
size  of  the  feeder,  it  is  necessary  to  choose  a  maximum  vol- 
tage drop.  The  greater  the  maximum  allowable  drop  the 
smaller  can  be  the  copper  section  and  the  less  the  drop,  the 
larger  must  be  the  copper  section.  With  a  3000-volt  direct- 
current  electrification,  as  has  been  assumed,  a  maximum  drop 
of  900  volts  would  give  satisfactory  operation.  Taking  ad- 
vantage of  the  allowable  drop  of  900  volts  it  would  mean 
that  the  drop  from  substation  No.  1  to  point  Y,  can  be  900 
volts.  The  total  drop  is  made  up  of  the  drop  in  the  rails  and 
the  drop  in  the  feeders  and  trolley  wire. 

A  convenient  method  is  to  work  out  the  problem  on  the 

"unit  drop"   basis — voltage   drop  per   mile  per   100  amperes. 

The  unit  drop  of  the  trolley  and  feeder,  and  track,  on  the 

basis  of  900  volts  allowable  drop  from  substation  No.  1  to 

point  Y  is  : — 

900  (volts) 

=  6.73  volts  drop  per 

12.5  (miles)  X  10.7  (hundred  amps.)  ^-j^  ^^^  Iqq  ^^^ 

As  previously  mentioned  the  "unit  drop"  for  a  single  track 
of  100-lb.  rails  is  2.5  volts.  Subtracting  this  drop  from  the 
total  unit  drop  of  6.73  volts  we  have  4.23  volts  unit  drop  for 
the  trolley  and  feeder.  The  unit  drop  for  a  one  million  cir- 
cular mil  cable  is  5.54  so  that  to  obtain  only  4.23  volts  unit 
drop,  the  required  circular  mils  will  have  to  be 

5.54 

— —  X  1,000,000  =  1,310,000  cm. 

A  trolley  construction  similar  to  that  in  use  on  the  Chicago, 
Milwaukee  and  St.  Paul  electrification,  which  is  equivalent 
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to  two  No.  0000  copper  wires,  is  satisfactory,  and  this  type  of 
construction  will  be  assumed  in  this  problem.  The  circular 
mils  for  two  No.  0000  wires  is  423,200.  Subtracting  this  value 
from  the  1,310,000  cm,  required  we  get  a  figure  of  886,800  cm. 
which  is  the  size  of  feeder  necessary  to  give  the  voltage  regu- 
lation desired. 

The  method  outlined  is  such  that  with  modifications  it  can 
be  applied  to  any  problem  and  it  hardly  seems  necessary  to 
go  into  any  further  detail. 


CHAPTER  XXX 

ELECTRIFICATION  SYSTEM  OF  THE  FUTURE. 
COST  OF  OPERATION. 

American  industrial  life  is  largely  dependent  upon  the  rail- 
roads. Sections  removed  from  the  seacoast  must  depend 
chiefly  upon  land  transportation  as  there  is  relatively  little 
water  transportation  compared  to  the  whole  tonnage  moved. 
The  waterways  connect  only  a  few  of  the  centers  of  popula- 
tion, so  that  the  very  industrial  existence  of  the  United  States 
of  to-day  depends  upon  the  condition  of  the  railroads,  and  in 
the  future  on  their  capacity  to  handle  the  ever  increasing 
volume  of  traffic.  Inevitably  the  tonnage  will  continue  to  in- 
crease with  the  increase  in  population  and  the  growth  of  the 
industries ;  agricultural  and  manufactured  products  will  in- 
crease in  volume,  producing  traffic  demands  at  an  ever  in- 
creasing rate. 

The  object  in  briefly  mentioning  this  question  is  to  bring 
before  the  reader  the  fundamental  thought  that  the  capacity 
of  many  of  the  railroads  must  be  increased ;  that  serious  ques- 
tion arises  as  to  the  adequacy  of  the  present  means  of  trans- 
portation and  that  a  vast  increase  in  capacity  over  that  of  the 
present  steam  operation  must  be  provided.  To  accomplish 
this,  what  is  more  promising  than  electricity?  We  have  seen 
what  electrification  has  accomplished  in  other  industrial  prob- 
lems, and  who  can  now  say  what  may  not  be  accomplished  in 
the  application  of  electricity  to  the  railroads  in  the  future. 
Electricity  has  revolutionized  many  industries  and  results  in 
the  handling  of  heavy  train  loads  at  high  speeds,  which  can 
now  hardly  be  visualized,  may  be  expected. 

Electricity  will  assuredly  be  the  power  for  general  use  in 
the  future  and  many  may  ask  what  will  be  the  system  used. 
Today  there  are  electric  locomotives  of  300  tons  weight  oper- 
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ating  over  sections  of  continuous  line  of  440  miles ;  there  are 
heavy  traction  electrifications  with  power  supplied  from  a 
third-rail  to  the  locomotives  at  600  volts  direct  current 
(D.  C.)  ;  and  from  a  trolley  at  1200  volts  D.  C. ;  2400  volts  D.  C. ; 
3000  volts  D.  C. ;  3300  volts  alternating  current  (A.  C.) ;  6600 
volts  A.  C.  and  11,000  volts  A.  C.  What  system  is  going  to 
predominate  in  the  future?  To  determine  this,  we  must  look 
further  than  present  day  conditions  and  must  realize  that  the 
ton-miles  per  year  handled  by  the  railroads  will  increase 
rapidly ;  that  the  electrification  system  installed  must  neces- 
sarily not  be  one  that  will  handle  the  present  day  requirements 
alone,  but  one  that  will  be  capable -of  handling,  over  the  same 
rails  twice,  or  even  four  times  the  volume  of  traffic  that  is 
being  handled  today.  This  means  that  the  distribution  system 
used  must  be  capable  of  delivering  heavy  drafts  of  power  at 
remote  distances  from  the  source  of  generation,  for  the  inten- 
sive operation  of  any  railroad  means  heavy  trains  running  at 
high  speeds,  requiring  enormous  drafts  of  power.  The  system 
must  be  one  that  can  properly  handle  the  maximum  transpor- 
tation requirements  that  it  is  desirable  to  impose  upon  it. 

At  present  the  limit  in  the  United  States  for  the  alternating 
current  system  is  11,000  volts,  but  there  is  no  reason  why  this 
should  not  be  increased  as  demands  are  made  for  heavier 
drafts  of  power,  while  with  increase  of  the  direct  current  vol- 
tage, the  motors  must  also  be  designed  to  operate  on  higher 
voltages  and  therefore  a  limit  is  soon  reached.  With  the  al- 
ternating current  system  the  trolley  voltage  can  be  of  any 
value  to  give  ideal  transmission  of  the  power  demanded, 
without  affecting  the  design  of  the  motors,  for  high  voltage 
can  be  reduced  to  any  desired  amount  by  the  use  of  the  trans- 
former. 

A  study  of  the  great  and  rapid  progress  made  by  the  power 
companies,  shows  conclusively  that  the  great  expansion  in  the 
use  of  the  electric  current  generated  by  these  large  power 
companies  has  been  due  chiefly  to  the  transmitting  of  the 
power  at  higher  and  higher  voltages  with  smaller  and  smaller 
currents  required  for  the  same  horsepower  on  energy  trans- 
mitted. 

So  it  can  be  with  the  electrification  of  railroads.    Enormous 
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drafts  of  power  will  be  required  to  handle  trains  of  7000  to 
8000  tons  up  a  1  per  cent  grade  at  20  miles  an  hour — a  trans- 
portation feat  which  is  not  so  impracticable  as  it  may  now 
appear — and  voltages  must  be  raised  to  meet  these  demands 
with  a  minimum  amount  of  current.  It  is  an  established  fact 
that  the  cost  of  railroad  electrification  will  be  largely  in- 
fluenced by  the  amount  of  current  used,  therefore  high  vol- 
tages are  necessary  for  economical  electrification,  and  this 
would  indicate  the  necessity  for  the  adoption  of  the  alternat- 
ing current  system. 

Cost  of  Electric  Locomotive  Operation. — An  important  fea- 
ture affecting  future  extension  of  railroad  electrification 
is  the  cost  of  the  electric  locomotive,  how  the  cost  of 
operation  compares  with  steam  operation  and  on  what  basis 
different  types  of  locomotives,  and  how  locomotives  operating  on 
various  different  railoads,  compare  as  to  maintenance  costs. 

The  first  cost  of  an  electric  locomotive  capable  of  a  certain 
draw-bar  pull  is  about  double  the  cost  of  a  steam  locomotive 
of  equal  power.  At  first  thought  this  fact  seems  to  be  a 
handicap,  but  it  must  not  be  forgotten  that  the  electric  loco- 
motive is  available  for  service  at  all  times,  that  it  can  run 
hour  after  hour  if  kept  within  the  capacity  for  which  it  was 
designed,  and  that  theoretically,  one  electric  locomotive  will 
replace  two  steam  locomotives.  Moreover,  in  some  cases,  in 
equal  service  and  operating  on  the  same  basis,  the  operating 
cost  per  mile  of  the  electric  locomotive  has  been  shown  to 
be  about  one-half  that  of  the  steam  locomotive.  The  electric 
locomotive,  however,  will  operate  many  more  miles  each 
day,  and  on  this  acount,  will  be  subjected  to  more  wear  and 
tear,  so  that  costs  based  on  the  locomotive-mile  may  be  mis- 
leading. Especially  is  it  very  misleading  if  comparison  is  to 
be  made  with  another  tvpe  of  locomotive  which  is  operating  on 
a  different  railroad  or  over  a  different  division  where  conditions 
may  be  widely  different. 

The  locomotive-mile,  as  can  readily  be  seen  does  not  take 
into  account  the  profile  over  which  the  locomotive  is  operated; 
nor  the  schedule  speed  maintained;  or  the  size  of  the  loco- 
motive ;  or  the  tons  hauled.     Naturally  a  heavy  locomotive 
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will  cost  more  to  maintain  than  a  light  one  and  the  weight  of 
the  loads  hauled  will  be  a  factor. 

The  costs  may  also  be  computed  on  the  ton-mile  basis.  This 
comparison  is  better  than  the  locomotive-mile  basis  but  still 
does  not  cover  the  situation  completely;  the  profile  has  not 
been  considered.  While  a  ton-mile  is  a  ton-mile  under  all  con- 
ditions, considerable  more  power  is  required  to  move  a  ton 
up  a  grade  than  on  the  level,  with  a  resulting  greater  wear  and 
tear  and  higher  maintenance  costs.  Starting  and  stopping  of 
the  train  on  a  grade  also  imposes  greater  stresses  on  all  parts 
and  increases  the  heating  of  the  electrical  equipment. 

It  is  generally  agreed  that  the  maintenance  costs  will  vary 
in  some  direct  ratio  with  the  actual  work  done  by  the  locomo- 
tive— horsepower  expended.  In  view  of  this  fact,  not  only 
are  the  two  methods  described  not  complete,  but  they  are 
still  more  inaccurate  because  of  the  fact  that  the  mileage 
which  is  credited  to  the  locomotive  is  not  accurate  on  account 
of  the  difficulty  in  knowing,  all  of  the  switching,  dead,  or  light 
service  mileage.  The  ton-mile  record  is  equally  inaccurate. 
The  most  accurate  basis  for  comparison  is  the  cost  of 
maintenance  per  unit  of  power  used  by  the  locomotive.  In 
the  case  of  the  electric  locomotive  this  unit  of  power  is  very 
easily  obtainable.  The  unit  is  the  kilowatt-hour  and  can  be 
obtained  by  installing  an  electrical  instrument,  known  as  an 
integrating  wattmeter,  on  the  locomotive  to  measure  the 
kilowatts  of  power  taken  from  the  third-rail  or  overhead 
trolley  wire.  The  horsepower  required  will  vary  with  the 
grade,  stops,  and  load,  so  that  the  kilowatt-hour  input  will  also 
vary;  by  measuring  this  input  the  total  work  done  by  the  loco- 
motive is  known.  The  kilowatt-hour  measurement  will  in- 
clude all  movements,  whether  light,  loaded,  or  switching,  and 
the  true  working  conditions  are  then  known.  With  the  com- 
puting of  maintenance  costs  based  on  the  kilowatt-hour  in- 
put, there  would  not  be  the  great  difference  in  costs  per  loco- 
motive mile  as  appears  to  exist  for  different  locomotives  on 
different  railroads.  It  would  then  be  possible  to  make  a 
satisfactory  comparison  of  the  costs  and  to  analyze  the  merits 
of  the  different  locomotives  for  the  service  required. 


APPENDIX 
RAILROAD  ELECTRIFICATION 

The  development  of  electrification  projects  on  many  of  the 
Steam  railroads  of  the  United  States  forms  an  important  step 
in  the  solving  of  transportation  problems.  In  many  localities, 
due  to  topographical  conditions,  the  maximum  of  service 
obtainable  from  steam  locomotive  operation  had  been 
reached ;  the  electrification  of  such  sections  has  resulted  in 
not  only  relieving  the  congestion  of  traffic,  but  has  also  pro- 
vided capacity  for  the  movement  of  increased  tonnage  over 
the  same  trackage. 

A  brief  outline  of  the  development  of  these  electrifica- 
tions in  America  as  well  as  much  valuable  data  in  tabular 
form  on  the  electrification  of  many  railroads  throughout  the 
world  follows  : 

Baltimore  &  Ohio — Baltimore  Tunnels. — Three  general 
types  of  electric  locomotives  have  been  used  on  the  Baltimore 
&  Ohio  in  the  tunnels  at  Baltimore.  The  first  two,  being  pio- 
neers in  service  on  steam  railroads,  are  of  interest  only  from 
a  historical  point  of  view.  The  class  LE-2  locomotives  are 
still  in  operation,  although  they  are  of  a  design  that  would 
now  be  considered  obsolete  and  is  not  being  used  in  new 
construction.  An  interesting  feature  with  respect  to  these 
locomotives  is  that  they  are  handling  the  maximum  tonnage 
freight  trains  operated  over  the  division,  notwithstanding  the 
fact  that  during  the  period  they  have  been  in  service,  the 
steam  motive  power  has  twice  been  replaced  with  heavier 
equipment  in  order  to  secure  greater  capacity.  This  has  been 
possible  because  of  the  flexibility  of  multiple-unit  control ; 
when  they  were  first  built  they  were  operated  in  two-unit 
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combinations,  while  now  they  are  run  as  a  three-unit  com- 
bination, thus  providing  a  50  per  cent  increase  in  capacity. 

Other  electric  locomotives  built  in  1910  and  1912  are  of  the 
Detroit  Tunnel  type  and  might  be  considered  as  standard  for 
the  present  Baltimore  &  Ohio  electrification.  This  later  de- 
sign has  been  found  to  be  very  satisfactory  for  limited  zone, 
moderate  speed  service,  as  they  are  practically  equally  well 
adapted  for  passenger,  freight  and  switching  service. 

The  current  collecting  system  was  originally  of  the  over- 
head type  but  in  1902  it  was  replaced  by  the  third-rail  system. 

Boston  &  Maine — Hoosac  Tunnel. — The  Hoosac  Tunnel 
electrification,  extending  for  a  distance  of  7.9  miles  east  of 
North  Adams,  Massachusetts,  and  embracing  4.75  miles  of 
double  track  tunnel,  was  undertaken  primarily  to  increase 
the  capacity  of  the  tunnel  and  to  make  tram  operation  more 
safe  through  the  elimination  of  the  use  of  steam  locomotives. 
Electric  operation  was  begun  in  1911. 

The  original  electrical  equipment  comprised  five  alternating- 
current  locomotives  of  the  2-4-4-2  type  developing  51,000  lb. 
tractive  efiort  as  a  maximum — ^20,500  lb.  continuously — and 
working  under  a  trolley  pressure  of  11,000  volts.  Two  loco- 
motives of  similar  characteristics  were  added  in  1917.  These 
locomotives  handle  1,750  tons  behind  the  steam  locomotive, 
this  being  the  maximum  tonnage  assigned  for  steam  operation 
with  one  locomotive  over  this  section. 

For  several  years  prior  to  the  electrification  of  the  tunnel 
the  freight  business  on  the  division  was  handled  largely  with 
locomotives  developing  a  tractive  effort  of  33,000  lb.,  the  train 
loads  being  limited  to  1300  tons  eastbound  and  825  tons  west- 
bound, these  limits  being  fixed  by  grades  which  existed  at 
other  points  on  the  division.  While  the  grade  in  the  tunnel 
was  but  26.4  feet  to  the  mile,  the  rail  conditions  were  ex-, 
ceedingly  bad  and  so  much  difficulty  was  experienced  in 
making  the  run  that  helper  engines  were  provided  for  many 
trains  in  both  directions.  The  size  of  these  helpers  was  gradu- 
ally increased  from  those  developing  25,000  lb.  tractive  effort, 
in  use  in  1895,  to  oil-burning  Mallets  of  66,000  lb.  tractive 
effort,  used  in  1910.  With  the  advent  of  electric  operation,  the 
four  Mallet  locomotives  which  made  up  this  particular  equip- 
ment were  diverted  to  other  uses  and  electric  helping  loco- 
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motives  were  provided  for  all  trains,  both  passenger  and 
freight. 

The  current  collecting  system  is  of  overhead  construction 
of  the  single  catenary  type ;  copper  being  used  for  a  messenger 
in  the  tunnel,  with  fittings  of  bronze  to  withstand  more  suc- 
cessfully the  corrosive  effect  of  the  gases  from  the  steam  loco- 
motives, some  of  which  still  pass  through  the  tunnel,  and 
the  action  of  solutions  percolating  through  the  tunnel  roof. 

Butte»  Anaconda  &  Pacific. — The  Butte,  Anaconda  &  Pacific 
Railway  was  built  in  the  year  1892,  principally  for  transfer  ser- 
vice between  the  ore  mines  in  Butte  and  the  Washoe  Smelter 
at  Anaconda.  The  track  connecting  these  two  cities  are  ap- 
.  proximately  twenty-six  miles  long,  but  the  yards  and  sidings 
bring  the  total  mileage  up  to  120. 

Work  on  electrification  began  in  the  spring  of  1912  and  the 
first  electric  locomotive  was  run  experimentally  at  Anaconda 
on  May  4,  1913.  Two  weeks  later  a  double-unit  electric  loco- 
motive began  on  the  Smelter  Hill  line  to  haul  the  ore  between 
the  East  Anaconda  yards,  where  the  trains  are  broken  up  into 
"drags"  for  distribution,  and  the  Concentrator  yards,  the  dis- 
tance being  about  7  miles. 

Regular  passenger  service  between  Anaconda  and  Butte,  a 
distance  of  25.7  miles,  was  placed  in  electrical  operation  in 
October,  1913. 

In  October,  1913,  a  double-unit  electric  locomotive  was  put 
in  the  day  freight  service  between  East  Anaconda  and  Rocker, 
a  distance  of  20.1  miles.  The  remainder  of  this  class  of  freight 
service  was  gradually  taken  over  during  the  months  of  Oc- 
tober and  November,  1913. 

Erie  Railroad. — A  change  from  steam  to  electric  motive 
power  was  made  on  a  portion  of  the  Rochester  division  of  the 
Erie  Railroad,  in  June,  1907.  This  installation  bears  the  dis- 
tinction of  being  the  first  case  where  a  single-phase  alternat- 
ing-current system  has  been  placed  in  commercial  operation 
on  a  steam  railroad. 

The  electrified  section  extends  from  Rochester,  N.  Y.  to 
Mount  Morris,  N.  Y. — a  distance  of  34  miles.  The  electric 
service  is  devoted  solely  to  passenger  traffic ;  the  freight  ser- 
vice continues  to  be  handled  exclusively  by  steam. 

The  rolling  stock  consists  of  eight  52-ton  passenger  cars 
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each  equipped  with  four  100-h.p.  motors.  The  gear  ratio  is 
20:63;  the  wheel  diameter,  36  in.;  and  the  cars  are  supplied 
with  multiple-unit  a.  c.  control  and  automatic  air  brakes. 

Power  is  purchased  from  the  Ontario  Power  Company.  It 
is  received  at  60,000  volts,  3-phase,  25  cycles.  The  voltage  at 
the  overhead  trolley  is  11,000.  One  substation,  located  at 
Avon,  N.  Y.,  is  used  and  is  equipped  with  three  750  k.  v.  a., 
60,000  -  11,000-volt  O.  I.  W.  C.  transformers. 

Chicago,  Milwaukee  &  St.  Paul. — The  Chicago,  Milwaukee 
&  St.  Paul  was  first  interested  in  electrification  in  the  section 
through  the  Bitter  Root  Mountains,  and  the  reason  for  its 
consideration  was  to  lessen  the  fire  hazard,  as  the  line  was 
through  a  very  extensive  and  important  forest  reserve  of 
the  United  States  Government. 

In  their  operations  to  secure  terminal  facilities  at  Butte  and 
to  secure  traffic  for  their  road,  the  Chicago,  Milwaukee  &  St. 
Paul  established  relations  with  the  Amalgamated  Copper  in- 
terest in  Montana  and  acquired  a  substantial  interest  in  the 
Butte,  Anaconda  &  Pacific  Railroad,  which  was  owned  by  the 
Amalgamated  Company. 

The  electrification  was  effected  by  high-voltage,  direct- 
current,  the  same  as  the  Butte,  Anaconda  &  Pacific.  The 
analysis  of  the  probable  load  conditions  with  2,500  ton  trains 
led  to  the  conclusion  that  a  voltage  higher  than  2,400  was 
economical  and  desirable  and  should  be  made  available. 

A  demonstration  of  a  high-voltage  car  equipment  which  was 
operated  at  6,000  volts,  direct  current,  led  to  the  decision  that 
3,000  volts  would  be  the  desirable  nominal  operating  voltage. 

Work  was  commenced  in  1914  and  completed  in  1917,  giving 
a  continuous  main  line  electrification  of  438  miles  from  Har- 
lowton,  Mont.,  westward  to  Avery,  Ida.  Near  the  center  of 
this  section  is  Deer  Lodge ;  the  east  end  is  called  the  Rocky 
Mountain  Division,' the  west  end.  the  Missoula  Division. 

Westward  from  Harlowton,  the  first  mountain  range  en- 
countered is  the  Big  Belt  Mountains,  on  which  the  railroad 
reaches  an  elevation  of  5788  ft.  above  sea  level.  The  next, 
range  is  the  Rocky  Mountains,  which  are  crosed  at  an  eleva- 
tion of  6322  ft.  On  the  Missoula  Division  are  encountered  the 
Bitter  Root  Mountains,  the  maximum  elevation  reached  be- 
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ing  4163  ft.  For  21  miles  on  the  eastern  slope  of  the  Rocky 
Mountains  the  maximum  grade  is  encountered,  which  is  2  per 
cent.    The  maximum  curvature  in  the  electrified  zone  is  10  deg. 

In  addition  to  the  electrification  of  the  Rocky  Mountain  and 
Missoula  Divisions,  the  railroad  began,  in  March,  1917,  thfe 
electrification  of  an  additional  207  miles  of  main  line  on  the 
Columbia  and  Coast  Divisions  extending  from  Othello  to  Ta- 
coma,  Washington,  and  to  Black  River,  nine  and  one-half 
miles  south  of  Seattle,  across  the  Saddle  Mountains  just  west 
of  the  Columbia  River  and  the  Cascade  Mountains. 

The  general  character  of  the  electrical  layout  is  similar  to 
that  used  in  Montana  and  Idaho,  except  as  noted  below : 

Locomotives  for  passenger  service  are  of  the  bi-polar  type, 
having  a  total  weight  of  approximately  265  tons  and  capacity 
sufficient  to  haul  over  the  road  profile  at  a  speed  of  approxi- 
mately 25  miles  per  hour,  a  twelve-car  passenger  train  weigh- 
ing 960  tons.  Locomotives  for  freight  service  were  provided 
by  changing  the  gear  ratio  of  the  older  passenger  locomotives 
used  on  the  Rocky  Mountain  and  Missoula  Divisions,  and  in 
place  of  the  latter  locomotives  there  were  used  for  the  Rocky 
Mountain  and  Missoula  Divisions  ten  quill-type  locomotives 
having  approximately  the  same  weight  and  capacity  as  the 
bi-polar  motors. 

All  the  main  line  locomotives  are  provided  with  apparatus 
and  connections  for  allowing  of  regeneration  on  down  grades. 
The  motors  then  act  as  separately  excited  generators  and 
furnishing  current  to  the  trolley  system,  this  current  flowing 
directly  over  the  trolley  wires  to  other  locomotives  which  are 
motoring,  or  flowing  back  through  the  adjacent  sub-stations 
and  eventually  into  the  high-tension  transmission  line  to 
other  substations,  or  into  the  power  company's  system. 

The  trolley  is  overhead  construction  of  the  catenary  type, 
supported  by  brackets  on  poles  except  at  some  curves  where 
span  construction  is  used,  and  in  tunnels  where  the  wires  are 
attached  to  steel  channels   suspended  from  the  tunnel  roof. 

Power  is  supplied  over  the  two  transmission  lines,  one 
running  from  the  Long  Lake  plant  of  the  Washington  Water 
Power  Company  to  the  Taunton  substation  ;  the  other  from 
the  vSno(jualmie  plant  of  the  Pugct  Sound  Traction,  Light  & 
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Power  Company  to  Cedar  Falls  and  Renton  substations,  these 
lines  connecting  at  the  sub-stations  mentioned  with  the  rail- 
road's high  tension  tie-line. 

Grand  Trunk — St.  Oair  Tunnel. — Electric  operation  of  the 
St.  Clair  Tunnel  of  the  Grand  Trunk  Railway  dates  from 
early  in  1908  when  five  locomotives  were  put  into  service. 
The  characteristics  of  the  tunnel  and  other  operating  re- 
quirements necessitate  the  haulage  of  lOOO-ton  trains  up  a 
two  per  cent  grade  one  mile  long.  The  single  catenary  sys- 
tem is  used  for  the  line  construction  at  the  terminals  and  ap- 
proaches to  the  tunnel.  For  use  inside  the  tunnel  an  ingenious 
modification  of  the  catenary  construction  is  used,  which  em- 
ploys two  parallel  7/16-inch  messenger  cables  and  two  4/0 
trolley  wires.  The  double  messengers  are  suspended  at  in- 
tervals of  twelve  feet  on  barrel  type  insulators,  and  the  trolley 
wires  are  hung  from  fhe  messengers  at  points  between  the 
barrel  insulators  by  means  of  insulated  hangers. 

Actual  tests  have  shown  that  a  single  locomotive  unit  is 
capable  of  exerting  a  tractive  effort  of  45,000  lb.  on  a  clean, 
dry  rail.  If  it  should  become  necessary  to  stop  on  the  2% 
grade,  the  electric  locomotives  can  start  and  accelerate  the 
train  up  to  full  speed,  which  is  about  11  m.p.h.  on  this  grade. 

Great  Northern — Cascade  Tunnel. — The  electrification  of 
the  Cascade  Tunnel  of  the  Great  Northern  Railway  was  com- 
pleted and  put  in  operation  in  1909. 

The  locomotives  used  in  this  service  weigh  115  tons  each. 
All  driving  wheels  are  traction  wheels,  each  motor  being 
coupled  to  its  axle  in  identically  the  same  manner  as  is  done 
with  street-car  motors,  being  geared  in  single  threads.  An 
interesting  feature  is  that  there  are  no  cushion  springs  in  the 
gear  to  equalize  the  tooth  pressure,  as  has  been  considered 
necessary  on  almost  all  heavy  locomotives ;  it  has  been  found 
there  is  an  equal  amount  of  wear  on  both  pinions,  the  tooth 
pressures  seem  to  be  uniform,  and  the  wear  has  been  almost 
negligible  on  all  of  these  gears  and  pinions. 

The  current  is  conducted  into  the  locomotive  by  two  trolley 
poles  and  wheels  located  at  each  end  of  the  locomotive.  The 
speed  of  the  driving  motors  is  constant,  being  of  the  induction 
type,  and  drives  the  locomotive  at  a  constant  speed  of  15  miles 
per  hour.     The  reason  this  constant  speed  was  adopted  was 
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that  this  was  supposed  to  be  a  link  in  a  larger  system  in  which 
the  principle  of  regeneration  on  descending  grades  is  very  de- 
sirable, and  it  was,  at  the  time,  the  only  method  of  regenera- 
tion which  had  been  developed.  The  results  of  this  regenera- 
tion were  such  that  this  feature  was  shown  to  be  very  desir- 
able for  all  electrification,  especially  on  mountain  grades. 
Since  that  time  the  regenerating  locomotive,  using  the  series 
direct-current  motor,  has  been  developed. 

Long  Island  Railroad. — The  Long  Island  Railroad  is  essen- 
tially a  passenger-carrying  line,  serving  suburbs  of  N.  Y.  City 
and  a  also  heaw  excursion  travel  to  the  seashore  of  Long 
Island. 

A  network  of  lines  of  the  company  covers  the  western 
end  of  the  island  within  30  miles  of  New  York  City  and  de- 
livers heavy  commuter  and  excursion  travel  to  the  New  York 
and  Brooklyn  terminals. 

In  the  beginning,  the  electrification  was  undertaken  in  con- 
nection with  the  "Atlantic  Avenue  Iriiprovement"  which  re- 
quired "smokeless"  operation  through  a  new  tunnel  line  into 
the  central  part  of  the  Borough  of  Brooklyn,  with  a  new 
underground  passenger  terminal  at  Flatbush  Avenue. 

The  first  lines  electrified,  and  which  were  completed  in  1905, 
comprised  the  Atlantic  Avenue  Division  between  Flatbush 
Terminal  and  Belmont  Park  (Queens)  and  the  Rockaway 
Beach  Division  between  Woodhaven  Junction  and  Rockaway 
Park,  and  to  Valley  Stream  via  Far  Rockaway — a  total  of  38.1 
route  miles. 

In  May,  1908.  the  line  from  Queens  to  Hempstead  and 
Mineola,  9.5  miles,  was  equipped  with  third-rail.  In  June, 
1910,  the  line  from  Jamaica  to  Woodside,  Long  Island  City, 
6.3  miles,  and  from  Glendale  to  Ozone  Park,  4.5  miles,  was 
electrified.  In  September  of  the  same  year  the  line  from 
Woodside  to  the'  Pennsylvania  Station.  New  York  City,  5.1 
miles,  was  completed.  The  line  between  Valley  Stream  and 
Long  Beach,  6.8  miles,  was  also  equipped  with  third-rail. 

This  gave  an  all-electric  run  from  both  Flatbush  Terminal 
and  Pennsylvania  Station  to  Hempstead  and  Minertla.  and  to 
the  beach  resorts. 

In  October,  1912,  the  North  Shore  Division  from  Winfield 
Junction  to  Whitestone  Landing,  a  distance  of  8.3  miles,  was 
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electrified  and  a  year  later  the  entire  division  to  Port  Wash- 
ington, a  distance  of  10.5  miles,  was  included.  These  exten- 
sions since  1905  have  increased  the  electrified  route  miles  to 
89  and  the  total  main  line  electric  trackage  to  187.5  miles. 

Steam  operated  express  trains  to  the  eastern  end  of  Long 
Island  are  taken  from  the  Pennsylvania  Station  by  electric 
locomotives  to  Harold  avenue,  Long  Island  City,  at  which 
point  steam  locomotives  are  attached.  It  is  probable  that  in 
the  near  future  electric  locomotives  will  haul  these  through 
trains  to  Jamaica,  which  is  a  central  point  for  the  various 
lines.  The  freight  service  is  conducted  by  steam  power  and 
on  some  portions  of  the  electrified  system  steam  locomotives 
are  used  to  operate  both  freight  and  through  passenger  trains. 

The  third-rail,  a.  c.  d.  c.  system  is  used  with  650  volts  d.  c.  on 
the  third  rail  and  three-phase,  25-cycle  at  11,000  volts  on  the 
transmission  lines. 

The  power  is  obtained  from  the  Pennsylvania  Railroad 
power  house  located  at  Long  Island  City  and  is  delivered'  to 
the  Long  Island  Railroad  transmission  lines  at  11,000  volts. 

With  the  exception  of  the  thickly  populated  sections  of 
Brooklyn  and  Queens,  where  underground  cables  are  used, 
and  the  submarine  cable  at  Broad  Channel  and  Beach  Chan- 
nel, the  overhead  type  of  construction  is  used  to  distribute 
the  high  tension  alternating  current  to  the  converter  stations. 

New  York  Central — New  York  to  Harmon. — The  electrifi- 
cation of  the  New  York  Central  in  and  near  New  York  City 
was  started  because  of  the  action  of  the  New  York  State 
Legislature  in  1903,  forbidding  the  use  of  steam  locomotives 
south  of  the  Harlem  River  after  July  1,  1908.  This  action  was 
taken  because  the  steam  and  smoke  of  the  steam  locomotives 
so  filled  the  two-mile  Park  Avenue  tunnel  just  north  of  the 
terminal  that  it  was  extremely  difficult,  frequently  impossible, 
to  determine  the  location  of  trains. 

This  operation  was  begun  with  both  electric  locomotives, 
multiple-unit  cars,  and  trailer  cars,  some  of  which  were  sub- 
sequently equipped  with  motors. 

A  direct  current  system,  rather  than  alternating  current, 
was  adopted  because  at  the  time  there  had  not  been  sufficient 
practical  experience  with  the  alternating  current  for  a  trunk 
line  problem  requiring  the  highest  possible  reliability  of  ser- 
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vice.  Restricted  overhead  clearance  in  the  Park  Avenue  tun- 
nel, which  prevented  the  use  of  overhead  conductors,  and  also 
legal  obstacles  to  the  use  of  high  voltage  overhead  trolley 
lines  within  New  York  City  were  other  factors. 

The  operating  service  obtained  from  the  electric  equipment 
has  been  more  reliable,  with  fewer  delays,  than  was  obtained 
from  the  steam  locomotives  which  were  displaced. 

The  electric  locomotives  have  bipolar  gearless  motors.  The 
imder-running  type  of  third-rail  is  used  and  is  of  decided  ad- 
vantage in  case  of  heavy  snowfall  which,  with  the  over- 
running type  of  third-rail,  considerably  hampers  and  very 
often  prevents  the  collection  of  power  resulting  in  unsatisfac- 
tory train  operation. 

Because  of  the  very  great  importance  of  reliable  service 
two  power  plants  were  built,  each  with  a  capacity  sufficient  to 
furnish  current  for  the  entire  electrified  zone.  Duplicate  trans- 
mission lines  were  carried  over  the  territory  most  essential, 
and  storage  batteries  with  sufficient  capacity  to  operate  the 
electric  division  for  a  short  period  which  experience  on  other 
electrified  railroads  had  shown  might  occur. 

New  York,  New  Haven  &  Hartford. — Electric  operation  was 
started  on  the  New  York,  New  Haven  &  Hartford,  in  June, 
1908,  as  far  as  Stamford,  Conn.,  36  miles  from  the  Grand 
Central  Terminal ;  in  1914  it  was  extended  to  New  Haven,  72 
miles  from  the  Grand  Central  Terminal. 

The  electric  rolling  equipment  consists  of  both  electric  loco- 
motives and  multiple-unit  cars;  all  operate  at  11,000  volts, 
single-phase,  alternating  current.  Some  of  the  equipment  is 
also  arranged  to  operate  at  660  volts  direct  current,  in  order 
to  permit  Long  Island  Railway  trains  to  enter  New  York  City 
over  New  York  Central  or  Pennsylvania  tracks. 

Although  the  New  Haven  equipment  was  designed  at  a 
time  when  data  on  the  requirements  of  an  alternating  current, 
high  voltage,  high  speed,  heavy  train  capacity  locomotive  was 
very  meager,  these  locomotives  today  compare  favorably  with 
those  designed  after  all  the  experience  gained  in  the  last 
thirteen  years.  In  general  design  the  locomotives  built  in  1919 
are  the  same  as  some  of  those  built  in  1910.  most  of  the  prin- 
cipal improvements  of  the  1919  machines  being  in  the  auxiliary 
apparatus  and  the  control  apparatus.  The  electric  locomotives 
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used  on  the  New  Haven  may  be  divided  into  two  groups — 
the  standard  types,  and  the  experimental  types : 

STANDARD 

Wheel 
arrangement 
1 — Gearless  motors   for  fast  passuger   service.     First   type 

built.     Now  obsolete  for  single-phase  operation 01-041  2-4-4-2 

Frt.  076-0111     2-4-4-2 

Sw.  0200-0214     0-4-4-0 

2— Geared  passenger,   freight   and   switcher   locomotive Pass.  0300-0304    2-6-2-2-6-2 

EXPERIMENTAL 

Wheel 
arrangement 

Geared  3-truck  fast  freight  or  passenger  locomotive 069  2-4-4-2 

Geared  2-truck  fast  freight  or  passenger  locomotive 071-2  2-4-4-2 

Geared  side  rod  freight  locomotive 068  4-4-4-4 

Side   rod  locomotive    070  2-4-4-2 

These  locomotives  represent  every  mechanical  type  of  drive 
put  forth  to  date,  either  in  America  or  in  Europe,  as  the  best 
solution  for  translating  the  torque  of  the  motors  to  tractive 
effort  at  the  rim  of  the  driving  wheels.  The  type  that  proved 
best  for  passenger  and  freight  service  is  represented  by  New 
Haven  locomotives  076-0111  and  0300-0304;  this  is  a  geared 
type  with  twin  motors.  Although  the  gearless  locomotive  of 
the  2-4-4-2  type  (01-041)  has  given  very  good  service  for  the 
past  twelve  years  in  both  local  and  fast  express  service,  it  is 
now  replaced  by  the  geared  locomotive  of  0300-0304  type.  The 
other  "experimental"  types  have  not  proved  successful. 

The  type  represented  by  locomotive  068,  with  a  geared  side 
rod  drive  and  a  4-4-4-4  wheel  arrangement,  has  been  used  for 
polyphase  motor  drive  to  obtain  certain  advantages  possible 
with  such  a  combination,  but  not  available  with  single-phase 
commutator  motors.  The  side  rod  type,  represented  by  loco- 
motive 070,  wheel  arrangement  2-4-4-2,  has  not  proved  suc- 
cessful on  the  N.  Y.,  N.  H.  &  H. 

All  New  Haven  locomotives  and  cars  collect  current  from 
an  overhead  trolley  wire  by  a  sliding  pantagraph  trolley.  A 
third-rail  shoe  is  also  provided,  for  operation  over  the  New 
York  Central  and  Pennsylvania  Railroads  into  New  York  City. 
The  necessity  of  operating  at  both  11,000  volts  alternating 
current  and  660  volts  direct  current  complicates  the  locomo- 
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tives  to  some  extent  as  well  as  requiring  some  additional  ap- 
paratus which  otherwise  would  not  be  needed. 

New  York,  Westchester  &  Boston. — This  road  affords  an 
example  of  electric  suburban  service  under  steam  operating 
conditions.  The  main  line  has  four  tracks  and  extends  for 
a  distance  of  6.8  miles  from  Westchester  Ave.  in  New  York 
City,  to  Mt.  Vernon,  N.  Y.,  where  it  is  divided  into  two  double- 
track  branches,  one  running  2  miles  to  New  Rochelle,  and 
one  9.4  miles  to  White  Plains,  N.  Y.  The  main  line  con- 
nects with  the  Harlem  River  Division  of  the  New  Haven 
system,  the  tracks  of  which  are  used  for  three  miles  to  the 
Harlem  River  Station. 

Trains;  normally  consist  of  single  cars  in  local  service, 
but  multiple-unit  train  operation  is  used  to  handle  the  heavy 
traffic  during  rush  hours.  Each  motor  car  is  equipped  with 
two  Westinghouse  170  h.p.  single-phase  motors,  and  unit- 
switch  control. 

Norfolk  &  Western. — The  Norfolk  &  Western  electrification 
is  on  a  portion  of  the  Pocahontas  Division — -known  as  the  Elk- 
horn  grade  in  West  Virginia. 

The  construction  was  started  in  1913  and  the  electric  loco- 
motive operation  in  1915.  The  capacity  of  the  electric  equip- 
ment, as  installed,  could  handle  an  average  of  about  65,000  tons 
per  day,  in  addition  to  handling  the  through  freight  trains  by 
electric  pusher  locomotives  and  the  passenger  trains  with  their 
steam  locomotives  by  attaching  electric  locomotives.  In  the 
latter  case  the  necessity  for  an  electric  helper  occurs  only 
where  the  trains  are  so  heavy  as  to  require  doubleheading  on 
the  grade.  It  was  customary  under  steam  operation  to  make 
up  the  train  to  a  maximum  weight  of  3,250  tons  behind  the 
engine  and  to  handle  it  by  a  Mallet  road  engine  and  a  Mallet 
helper  over  the  division,  and,  in  addition,  a  Mallet  pusher  up 
the  1.5  per  cent  and  2  per  cent  grades,  or  three  engines  per 
train.  In  cold  weather  and  under  adverse  conditions  the  trains 
were  reduced  to  about  2,900  tons.  Tonnage  trains  were 
handled  normally  at  speeds  of  seven  or  eight  miles  per  hour 
on  the  grades,  but  on  account  of  the  ventilating  conditions  the 
speed  was  reduced  to  six  miles  per  hour  in  the  Elkhorn  tunnel. 

Because  of  the  slow  speed  necessary  in  this  tunnel,  and  also 
because  of  the  fact  that  it  is  of  single  track,  a  serious  restric- 


306  RAILROAD     ELECTRIFICATION 

tion  in  the  capacity  of  the  line  occurs  at  this  point  and  has 
occasioned  frequent  congestion  and  delay.  Generally,  how- 
ever, the  division  is  double  track  throughout,  with  frequent 
long  passing  sidings,  making  it  in  part  a  three-track  line. 
As  an  electrified  third-rail  along  the  tracks  was  not  practic- 
able under  the  local  conditions,  an  overhead  collector  was  re- 
quired. The  single-phase  alternating  current  system  was 
adopted. 

A  feature  of  this  installation  is  the  adoption  of  three-phase 
motors  on  the  locomotives  in  connection  with  single-phase 
current  delivered  to  the  locomotives.  The  required  three- 
phase  current  for  the  motors  is  produced  by  a  "phase-con- 
verter," which  is  a  simple  self-contained  piece  of  apparatus. 
The  three-phase  motor  used  for  driving  the  locomotive  has, 
however,  a  considerable  speed  characteristic  which  is  not  de- 
sirable in  some  kinds  of  railroad  operation,  but  for  this  partic- 
ular service  has  important  advantages  in  respect  to  maintain- 
ing certain  predetermined  and  limited  train  speeds  irrespec- 
tive of  the  loads.  Furthermore,  this  type  of  motor  has  the 
valuable  characteristic  of  automatically  returning  regenerated 
current  to  the  line  on  the  down  grades,  this  being  effected 
without  additional  machinery  or  complication  when  the  pre- 
determined running  speed  is  slightly  exceeded  during  the 
coasting  period.  This  characteristic  may,  at  times,  result  in 
a  considerable  saving  of  power  as  the  regenerated  current 
is  available  for  use  in  assisting  to  propel  other  trains  which 
are  in  movement  on  the  division,  but  its  most  valuable  feature 
is  that  of  "dynamic  braking,"  or  controlling  the  train  on  down 
grades  without  the  use  of  air  brakes. 

Pennsylvania  Railroad. — Electrification  operations  began 
on  the  Pennsylvania  Railroad  with  the  electrifying  of  that 
portion  of  the  system  between  Camden  and  Atlantic  City, 
New  Jersey,  'and  known  as  the  West  Jersey  and  Seashore. 

The  power  house  for  supplying  this  installation  is  at  Big 
Timber  Creek,  just  north  of  Westville,  six  miles  from  the 
Camden  terminal.  There  are  eight  substations,  one  at  West- 
ville, one  at  each  of  the  terminals  in  South  Camden,  Clayville 
and  Atlantic  City,  and  four  at  intermediate  stations.  The 
transmission  line,  71  miles  long,  is  double  throughout. 

The  electrification  of  the  New  York  Extension  of  the  Penn- 
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sylvania  Railroad  is  one  of  the  most  stupendous  tunnel  and 
terminal  electrifications  in  the  world.  Thirty-one  electric 
locomotives,  each  equipped  with  two  Westing-house  2,000  h.p. 
motors,  have  handled  all  the  passenger  trains  in  and  out  of 
the  New  York  Terminal  for  the  past  eleven  years.  These 
locomotives  have  a  one  year's  record  of  55  minutes  delay  to 
trains  for  all  causes  due  to  motive  power  failure,  and  from 
November,  1910,  to  November,  1918,  the  locomotives  made 
9  total  mileage  of  9,508,765  miles,  during  which  time  they 
held  a  total  of  only  21  engine  failures — an  average  of  78,584 
miles  per  locomotive  detention  during  eight  years  of  service. 

The  locomotives  incorporate  many  novel  features  in  elec- 
tric locomotive  desig^n.  The  starting  requirements  are  un- 
usually severe ;  the  requirement  being  to  start  a  train  of  550 
tons  trailing  load  upon  the  tunnel  grades  under  the  river 
which  are  approximately  two  per  cent.  The  guaranteed  trac- 
tive effort  of  60,000  lb.  is  amply  within  the  capacity  of  the 
electrical  equipment.  The  normal  speed,  with  load,  upon  a 
level  track  is  60  miles  an  hour,  but  the  locomotive  is  capable 
of  speed  much  in  excess  of  this. 

The  Philadelphia-Paoli  electrification  of  the  Pennsylvania 
at  the  Broad  Street  Terminal  in  Philadelphia,  is  an  example 
of  efficient  terminal  operation.  This  terminal  had  reached 
its  capacity  with  steam  operation  in  1915  and  conditions  were 
becoming  intolerable  because  of  the  greatly  increased  traffic. 
Due  to  the  location  of  the  terminal,  it  was  considered  im- 
possible to  enlarge  it,  so  electrification  was  suggested.  The 
terminal  was  subsequently  electrified  for  suburban  service  and 
it  was  soon  apparent  that  this  would  not  only  give  the  nec- 
essary relief,  but  would  also  take  care  of  a  large  increase  of 
traffic  which  time  would  bring  about. 

Multiple-unit  trains  are  now  handled  in  and  out  of  the 
Broad  Street  Terminal  much  more  expeditiously  than  they 
were  with,  steam  motive  power.  The  time  required  to  bring 
a  train  into  the  station  and  out  again,  including  unloading  of 
passengers  and  loading  the  train  again,  has  been  cut  to  about 
one-third  of  that  required  under  steam  operation. 

There  are  at  present  nearly  600  trains  daily  arriving  and 
departing  from  this  station,  approximately  one-third  of  them 
being  propelled  by   electricity.     Fifty   trains   pass   over   the 
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six  tracks  at  the  switch  tower  between  the  hours  of  5  and 
6  p.  m.  and  at  one  time  during  this  hour  seventeen  trains  are 
dispatched  past  this  tower  in  as  many  minutes — a  remarkable 
performance  when  it  is  considered  that  the  station  was  or- 
iginally designed  to  accommodate  only  160  trains  a  day. 

The  electrification  includes  the  main  line  suburban  service 
to  Paoli,  20  miles  west,  and  the  Chestnut  Hill  branch  of  12 
miles.  The  combined  car  mileage  of  the  two  lines  for  one 
month  has  been  as  high  as  252,216,  with  five  detentions  total- 
ling 14  minutes.  In  one  year  the  cars  have  averaged  235,994 
car  miles  per  month  with  an  average  of  forty-five  detentions, 
and  a  total  average  a  month  of  25.4  minutes. 

Southern  Pacific — Oakland,  Alameda  and  Berkeley  Sub- 
urban Lines. — Electric  operation  of  the  Oakland,  Alameda  and 
Berkeley  Suburban  Lines  of  the  Southern  Pacific  was  begun 
in  1911.  Trains  of  from  one  to  seven  cars  are  operated  by 
the  Sprague  multiple-unit  system,  a  train  unit  consisting  of 
one  motor  and  one  trailer  car,  the  motor  car  carrying  four 
140  h.p.  motors.  The  two  motors  on  each  truck  are  connected 
permanently  in  series,  so  that,  although  the  equipment  is  a 
four-motor  equipment,  the  control  is  of  the  two-motor  type. 

The  power  for  this  service  is  generated  in  the  Fruitvale 
Power  Station ;  this  station  furnishes  25-cycle  current  at 
13.200  volts,  which  is  transmitted  to  three  sub-stations,  one  of 
which  is  located  in  the  power  house,  the  other  two  at  West 
Oakland  and  Berkeley,  respectively.  The  13,200-volt  distri- 
bution is  in  duplicate  three-phase  circuits,  one  of  which  runs 
from  the  power  house  to  West  Oakland  substation  through 
Oakland,  the  other  between  the  same  points  through  Alameda, 
the  circuit  being  split  as  a  protection  against  interruptions 
by  reason  of  fire  in  the  manufacturing  districts  of  Oakland, 
through  which  the  circuit  is  run.  One  double  three-phase 
circuit  distributes  from  West  Oakland  to  Berkeley  substation. 
The    total    single    trackage    electrified    is    about    100    miles. 
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TABLE  F   (Continued) 


ELECTRIC   LOCOMOTIVES   USED   IN   THE   AMERICA'S 
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TABLE  G 
MULTIPLE-UNIT    EQUIPMENT    IN    NORTH    AMERICA— HEAVY    SERVICE 
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TABLE  G  (Continued) 

MULTIPLE-UNIT    EQUIPMENT    IN    NORTH    AMERICA— HEAVY    SERVICE 
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Acceleration     71 

Advantages   of   Electrification 1-6 

Advantages  of  Regeneration 127 

Air  Brake  Equipment 129-140 

Alternating-Current  Generator   27 

Alternating  Current 

Inductance    19,  20,   23 

Self   Induction 23,   25 

Alternating-Current    Locomotive 

Control     98 

Single-phase    98,   99 

Three-Phase   98,  101 

Split-Phase   98,  101 

Energy    Losses    114 

Method  of  Charging  Control 

Storage  Battery   185 

Alternating-Current   Motor 

Combinations    62,    63 

Alternating-Current    Motor 

Doubly-Fed    44 

Interpole 47 

Series  Commutator   39 

Three-Phase    49 

Ampere,  Definition  of  the  10 

Armature,   Railway  Motor   205,  213 

Armature   Winding,   Railway   Motor...  40 

B 

Baltimore  &  Ohio,  Electrification 

of    295,309-322 

Battery,    Charging   the    Control...   183-186 

Blower,  for  Electric  Locomotives 179 

Blow-Out    Coil    194 

Boston  &  Maine  Electrification 

of     296,309-322 

Brakes,  Air;  for  Electric 

Locomotives    129-140 

Brakes, 

Compressor   Governor  for    138 

Electric   Compressor  for   132 

Regenerative  Interlock  Valve  for..   131 
Three- Position    Double    Cut-out 

Cock  for  130 

Transfer  Valve  for  130 

Braking,   Regenerative   for   Electric 

Locomotives 115-128 

Bridging   Method   of   Transition 95,   96 

Brushholder,  Railway  Motor  213 

Butte,  Anaconda  &  Pacific, 

Electrification     of 297,309-322 


Capacity  *. 24,  25 

Cascade  Connections    63 

Centimeter-Gramme-Second  System...  12 
Characteristic   Curves,    Railway 

Motor   52,236 

Chicago,  Milwaukee  &  St.  Paul, 

Electrification   of    297,309-322 

Chemical   Electricity    11 
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Page 

Circuit  Breaker   161,  162 

Coils,  Preventive  100,  101 

Combinations    of    Motors,    Electric 

Locomotives    59 

Commutator,  Necessity  for   30 

Railway    Motor    42 

Comparison,  Steam  and  Electric 

Locomotives 82,  88 

Compressor,  Electric;   for  Air 

Brakes    132,178 

Compressor    Governor    138 

Compressor    Switch    62 

Concatenation 63 

Condenser,   Description  of   25 

Conductors, 

Overhead   143,  144 

Third-Rail     145-148 

Construction,   Railway   Motor 201,214 

Controller,  Master   IBS 

Control-Battery,    Charging   183-186 

Control  Circuit,   The    182 

Control    Connections    198,    199 

Control   Design, 

Electro-Pneumatic  Type    189,   196 

Magnetic   Type    195 

Control  Arrangement, 

A.C.  Single-Phase  Locomotive  .  98,  99 
A.C.  Three-Phase  Locomotive. 98,  101 
A.C.   Split-Phase   Locomotive..  98,   101 

Direct-Current    Locomotive       89 

Direct-Current  High  Voltage  ......  97 

Control,    Field;   Energy    Loss   113 

Control  Equipment   187-200 

Control,  Field   61,  111 

Control,   Rheostatic; 

Combination  Resistance  92 

Energy  Losses   103,  104 

Parallel  Resistance   91 

Series  Resistance   90 

Control,    Series- Parallel    59 

Energy  Losses 105 

Control,   Storage  Battery  Charging; 

A.C.  Locomotive  185 

D.C.    Locomotive    183 

Control    Switch-Group    189,    190 

Control    Systems    59,    187 

Cost  of  Operation,   Electric 

Locomotive     291, 293 

Current    Electricity    8 

Current-Squared  Curve   248 

Curves    of    Electric    Locomotives    and 
Railway   Motors..    53-58,62,267,273,275 

Curve    Resistance    72 

Curves,   Speed-Time  72,235,238,241 

248,  2SS,  262 
Curves,    Train    Resistance    68-70 


D 


141 


Designs  of  Electric  Locomotives. 
Design  of   Electric   Locomotive, 

Wheel    Arrangement    230 

Direct-Current    Control    for    Electric 

Locomotive    89 
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Direct -Current  Generator  31 

Direct-Current   High-Voltage 

Locomotive  Control  97 

Direct -Current  Locomotive,  Method  of 
Charging  Control  Storage  Battery.   183 

Direct-Current    Motor    33 

Direct-Current  Motor  Curves;  See 
also  Curves  of  Electric  Locomo- 
tives and  Railway  Motors 53,62 

Direct-Current  Regeneration   120 

Drive  for   Electric  Locomotive, 

Geared      217 

Gearless    217,  218 

Gear-and-Quill   r 219,  222-224 

Gear   and   Side  Rod    225,227-229 

Side  Rod   224 

Twin   Motor    223,  224 

Wheel   Arrangement    230 

Drives,    Foreign    Locomotive 230 

Dyne,  The  12 

Relation  to  Volt 13 


Electric  Current,  Generation  of 27 

Electric   Current  Generation, 

Fleming's  Rule  27 

Faraday's  Discovery   27 

Electric  Locomotive, 

Air    Brakes    129-140 

A.   C.  Control    98 

Single- Phase    98,99 

Split-Phase    98,  101 

Three-Phase     98,101 

Characteristic  Curves  of 21 

Classification     142 

Compared  with  Steam   82-88 

Continuous   and   Hourly    Rating...  79 

Control   Connections    Ill,  198 

Design  141 

Direct-Current    Control    89 

Drives;  See  Drives 

Field   Control    Ill 

Gear  Ratio .  265-268 

High- Voltage  D.C.  Control 97 

Inspection    and    Maintenance..  231-234 

Mechanical  Design   215 

Motor   Combinations    59, 93 

Regenerative   Braking   115-128 

Speed  of 78 

Tractive   Effort   Formula    76 

Transmissions    216 

Electric  Motor  Curves;  See  Curves 

Electric  Motor,   Principle  of 33 

Electrical   Terms    7 

Electrical  Units,   Relation   to 

Mechanics     9,  10,  11-14 

Electricity  by  Chemical  Action 11 

Electricity, 

Current    8,  29 

Static   7 

Electrification, 

Advantages  of   4 

Data     295-327 

Foreign     323-327 

Freight  Haulage  by  3 

Railroads   Electrified    295-327 

Switching    1 

Systems    of 141,274-291,295-327 

Terminals   1 

Tunnels   2,  295 

Electrification  Problem   269 

Load   Curve    276,  280-283 

Location   of  Substation    283 

Train    Sheet    271 

Trolley  and  Feeder  Size  285,289 


Page 
Electro-Magnet    8,  28 

Electro-Magnetic  Control    195 

Advantages  of  188,  196 

Design    189 

Master  Controller   188 

Switches    189-191 

Energy,    Available    on     Grades     for 

Regeneration   115 

Energy  Consumption   109,113 

Energy   Losses, 

A.  C.  Locomotive  114 

Field   Control    113 

Rheostatic  Control  103,  104 

Series-Parallel    Control    IDS 

Series,     Series -Parallel,     Parallel 
Control    107 

Equivalent  Grade,  Speed-Time  Curve.  237 

Erie  R.  R.,  Electrification  of    297,309-322 


Feeder  Size,  Determination  of   289 

Field   Coils,   Railway   Motor    203 

Field  Winding  43,  46,  50 

Field  Control   61,  110 

Field  Control,   Energy  Losses   113 

Fleming's   Rule    27 

Foreign    Electrification    Systems. .  323-327 

Foreign  Locomotive  Drives    230 

Frame,    Railway   Motor   202 

Freight  Haulage,  Electrification  and 3 

Fuse  Boxes,  Arrangement  of 169-172 

Construction   172 


Gear    Ratio    and    Wheel    Diameter, 

Efifect  of    265-268 

Gear-and-Quill    Drive 219,  222-224 

Gear  and  Side  Rod  Drive 225,227-229 

Geared   Drive    217 

Gearless  Drive    217,218 

Generation  of   Electric   Current 27 

Generation  Systems   316 

Generator, 

Alternating  Current  32 

Direct  Current  31 

The  Simple   30 

Governor,  Air  Compressor   138 

Grade,    Equivalent    73 

Grade  Resistance    71,73 

Grand   Trunk,    St.    Clair    Tunnel 

Electrification     300, 309-322 

Great  Northern,  Electrification 

of   300,309-322 

H 

Hoosac  Tunnel  Electrification.  296,  309-322 

Horsepower  74 

Housings,  Railway   Motor  204 


Inductance, 

Alternating   Current    20,  25 

Faraday's   Discovery   19 

Self-induction   23 

Induction    20.25 

Inspection,    Electric    Locomotive. .  231-234 
Interpoles,    Electric    Motor    44,204 


Joints,  Third-Rail    146 


INDEX 
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Page 
Jumper    199 


Line  Construction, 

Overhead    143,  144 

Third   Rail    145-148 

Load  Curve,  Electrification  276 

Locomotive,    Electric;    See    Electric 

Locomotive 
Locomotive,   Steam;    See   Steam 

Locomotive 
Long  Island  Railroad,  Electrification 

of    301,309-322 

Losses;  See  Energy  Losses 

M 

Magnetic    Field    28,  29 

Magnet  Valve  193 

Maintenance,  Electric  Locomotive, 

231,  293,  294 

Mechanics,  Relation  to  Electricity, 

9,  10,  11-14 

Mechanical  Design,  Electric  Loco- 
motive      215 

Michigan    Central,    Electrification 

of    309-322 

Motor, 

A.C.  Doubly-Fed    44 

A.C.  Interpole  47 
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